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CHAPTER I 



I. 



THE DESIGN OF BEARINGS* 

• 

The design of Journals, pins, atxd bearings of all kinds is one of the 
most important problems connected with machine construction. It is 
a subject upon which we have a large amount of data, but, unfor- 
tunately, they are very conflicting. The results obtained from the rules 
given by different mechanical writers will be found to differ by 60 
per cent or more. Many of our best modem engines have been designed 
in defiance of the generally accepted rules on this subject, and many 
other engines, when provided with what were thought to be very liberal 
bearing surfaces have proved unsatisfactory. This confusion has 
largely been the result of a misconception of the actual running con- 
ditions of a bearing. 

Friction of Journals 

A Journal should be designed of such a size and form that it will run 
cool, and with practically no wear. The question both of heating and 
wear is one of friction, and in order for us to understand the princi- 
ples upon which the design of bearlAgs should ps ba^d« we must first 
understand the underlying prf^ipleffpf^frit-tidn.* :K*r^tion is defined 
as that forcef acting between' two t)odies at 'their surface of contact, 
when they are pressed together, Whl^h' t^^ids fo* Prevent their sliding 
one upon the other. The energy* used* to" xrvefebming this force of 
friction, appears at the rubbing"! surftt^eii: a^^ }ih%\ and is ordinarily 
dissipated by conduction through XbC iWc? bcfilS^. 'The force of friction, 
and hence the amount of heat generated under any given circumstances, 
can be greatly reduced by the introduction of an oily or greasy sub- 
stance between the rubbing surfaces. The oil or grease seems to act 
in the same way that a great number of minute balls would, reducing 
the friction and wear, and thus preventing the overheating and conse- 
quent destruction of the parts. On this account, bearings of all kinds 
are always lubricated. Thus the question of Journal friction involves 
the further question of lubrication. v , 

For the purpose of understanding as far as possible what goes on 
In a bearing, and the amount and nature of the forces acting under 
different conditions, several machines have been designed to investi- 
gate the matter. In general they are so arranged that a Journal may 
be rotated at any desired speed, with a known load upon the boxes. 
Suitable means are provided for measuring the force of friction, and 
also the temperature of the bearing. Provided with such an apparatus, 
we find that the laws of friction of lubricated Journals differ very 
i\ materially from those commonly stated in the text-books as the laws 
of friction. A comparison of the two will prove interesting. 

*Machincbt, December, 1906; January and February, 1907. 

t Friction. • • • Resistance to motion due to the contact of surfaces. — 
V. Standard IHoUonary. — Force. • • • Any cause that produces, stops, changes. 
' ' 9r tends to produce, stop, or cliange the motion of a body. — Standard Dictionary, 

V 
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A'o. ii—BEAI^!NCS 
PHctlonol BeelsCance In Lubricated and tinlubncated Bearing's 

It 1b generally slated In the text-booba tbat the force oC friction Ib 
proportional to the force wllh which the rubbing aurfacea are pressed 
togetber, doubling, or trebling, as the case may be, wlih the normal 
pressure. This law is perfectly true for all cases of unlubrlcated 
bearliigB. or for twarlnga lubricated with solid BubHiancee. such as 
graphite, soapstone, tallow, etc. When, however, the bearing Is prop- 
erly lubricated wtth any fluid, it is Found that doubling the pressure 
does not by any means double the friction, and when the lubricant 
is supplied In large quantities by meana of an oil hath or a farce 
pump, the friction wlU scarcely Increase at all, even when the pressure 
Is greatly increased. From the eTperiments of Prof. Thurston, and 
also of Mr. Tower. It appears that the friction of a journal per square 
Inch of bearing surface, for any given speed, ie equal to 

t^kp' (1) 

where / Is the force of friction acting od every square Inch of bearing 
surface, p ts tbe normal pressure In pounds per square Inch on that 
surface, and ft is a constant. The exponent n depends on (he manner 
of oiling, and varies from 1 In the case of dry surfaces, to 0.50 in the 
case of drop-teed hibrlcatton, 0.40 or thereabouts In the ease of rlng- 
and thaln-ollers and pad lubrication, and becomes zero in case the oil 
Is forced Into "tjJSjieilHifBL'unifleriuBcaeiit pressure to float the shaft. 

Tbe second 4sTT bf'ftloilonya's geaeValty stated, is that the force of 
friction Is independe^e oi Jf^ ^^tftlty of rubbing. This law also ts 
true for unlubrlcati^' jijfia^.^nii for Eurf&ces lubricated by solids. 
tn the case of bj^rla^-.IidiFl^ir^fd :by oil we And that tbe friction 
increases with the'^petd'.&rj'l)£_lib|;,.but not at tbe same rate. If wa 
express the law as an equation, we have 

f = kv (2) 

where / la the force of friction at the rubbing surfaces In pounds per 
square Inch, k Is a constant, r is the velocity of rubbing In feet per 
second, and the exponent m varies from zero In the case cf dry surfaces 
to 0.;;0 in the case of drop-feed, and 0.50 In the case of an oil bath. 

The third law of friction, as It generally appears In the text-booka, 
la that the friction depends, among other things, on the composition at 
the surfaces rubbed together. This, again, wbUe true for unlubrlcated 
surfaces. Is not Irue for other conditions. It matters nothing whether 
tbe surfaces be steel, brass, babblll. or cast Iron, so long as they ars 
perfectly smooth and true, they will have the same friction when 
thoroughly lubricated- The friction will depend upon the oil used, not 
on the materials of Journal or boses, when the other conditions of 
speed and pressure remain constant. Many people think that babbitt 
has less friction than iron or brass, under the same circumstances, 
but this Is not true. The reason for the great success of babbitt as an 
"antl-frictlon" meta! depends upon an entirely different property, as 
will appear later. 

Combining into one equation the different laws of the friction of 
lubricated surfaces, as we actually and them to be, we have 

/=*?•»- (8) 
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where / ia the force ot friction at the rubbing surface In pounds per 
square tncb, t: ta a constant which varies wUh the excelleuce of the 
lubricant from 0.03 to 0.04, and the other quantUlea are as before. 
Prom thla eipresslon. we see that the friction IncreascB with the load 
on the bearing, and also with the velocity ot rubbing, although much 
more slowly than either. 

Qenoratlon of Heat In Bearinga 

The quantity ot heat generated per square Inch of bearing area, 
per second, is equal to the force ot Crlctlou, times the velocity of rub- 
bing. All of this heat must be conducted away through the boxes as 
toBt as it la generated, In order that the tjearlQg shall not attain a 
temperature blgh enough to destroy the lubricating qualities of the oil. 
The hotter the boxes become, the more beat they will radiate in a 
given time. When the hearing is running under ordinary working 
conditions, it will warm up until the heat radiated equals the beat 
generated, and the temperature bo attained will remain constant as 
long as the conditions of lubrication, toad, and speed do not change. 
Thla rise In temperature above that of the surrounding air varies from 
lesa than 10 to nearly 100 degrees Fahrenheit, and is commonly about 
30 degrees. We must keep either the force of friction or the velocity 
of rubbing, or both, down to that point where the temperature shall not 
■ttalD dangerous values. As has been shown In the preceding para- 
graph, it was formerly believed that the force of frlctloD was equal 
to a constant times the bearing pressure, and therefore, that the worlc 
of friction was equal to this constant times the pressure, llmea the 
velocity of rubbing. Now, since It is the work of friction that we are 
obliged to limit to a certain deQnlte value per square Inch of bearing 
area, it was concluded that a bearing would not reach, a dangerous 
temperature if the product of the bearing pressure per square Inch and 
the velocity of rubbing did not exceed a certain value. Accordingly, 
ire find Prof. Thurston'a formula for bearings to be 



pv = C. 



(4) 



where p la the bearing pressure In pounds per square inch, v la the 
Telocity of rubbing In feet per second, and C has values varying from 
SOO foot-pounds per aecond la the case ot iron shafts to 2,600 in the 
case ot steel crank-pins. Thla baa long been the standard formula for 
designing bearings, and while It Is not satisfactory In extreme cases. 
It Is very satisfactory for bearings running at ordinary speeds. 

Turning our attention again to the results obtained from the ma- 
chines lor testing bearings, we find that while the results are very 
eren and regular for ordinary pressures and temperatures, when we 
begin to Increase either of these to a blgh point, the friction and wear 
of our bearing suddenly Increases enormously. The reason is that the 
«tl has been squeezed out of the bearing by the great pressure. This 
equeezing out of the oil, and consequent great increase in the friction. 
Iiu three effects. The absence of the lubricant causes the parts to 
■cratch or score each other, thus rapidly destroying themselves, the 
(NBt Increase In friction results in a sudden very blgh temperature, 
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In Itself destructive to tlia materials of the bearing, and the heating 
13 generally so rapid aa to cause the pin and the Interior parts of the 
box to expand mora rapidly than the exterior parts, thus causing the 
box to grip the pin with enormous pressure. When the oil has been 
Bfiueezed out In this manner, the bearing Is said to seize. 



MateriaJa for BeaHng-a 
It Is evldentl^r of advantage to make the tearing of such i 



terlal 

that the Injury resulting from seizing shall be a minimum. If the 
shaft and box are of nearly equal hardness, each will tend to Bcratch 
the other when seizing occurs, and the scoring la rapid and destructive. 
This aetion will he especially noticed in case the shaft has hard spots 
in It. n'blle the rest Is comparatively soft, aa Is the case In the poorer 
grades of wrought Iron, If, however, the shaft Is made of a hard 
and homogeneous material, like the better grades of medium steel, and 
the bearing Is made of some soft material, llUe babbitt, the bearing 
will not roughen the Journal, and so the journal cannot cut the bearing. 
Thla Is the first reason why babbitt tiearlngs are so successful. 

A second reason tor the succesa of babbitt bearings lies In the fact 
that Ibey cannot be heated sufficiently to make the bearing grip the 
Journal. They wlil rather soften and flovr under the pressure without 
actually netting away, just as Iron and steel soften at a welding heat. 
The harder bearing metals, such as brass and bronze, do not have these 
advantages, and have been almost entirely replaced by babbitt in bear- 
ings tor heavy duty, especially when thorough lubrication Is dlfflciilt. 

Babbitt Is a successful bearing metal for still a third reason. The 
unit pressure on any bearing Is not the same at all points. The shaft 
is Invariably made somewhat smaller In diameter than the box. If 
there Is a high spot on the surface of the bos, that spot will have a 
very large proportion of the total pressure acting on It. and as a result 
the Qlm of lubricant will be broken down at that point, and local 
beating and consequent damage result. In the case of babbitt bearlnga, 
before the damage can become serious the metal Is caused to flow 
away from that point under the combined influence of the beat and 
pressure, the oil film Is again established, and normal conditions 
restored. 

Influence of Quality of OH 

The unit pressure which any bearing will stand without seizing 
depends upon its temperature and the kind of oils used. The lower 
the temperature of the hearings, the greater the allowable unit pres- 
sure. The reason for this la that oils become thinner and more free- 
flowing at the higher temperatures, consequently they are more easily 
squeezed out of the bearing, and it Is more likely to seize. On this 
account, the higher the velocity of rubbing, the less the unit pressure 
that can be carried, but it do«s not follow that the allowable unit 
pressure varies Inversely aa the speed of rubbing, as was formerly 
thought. 

The thicker and less free-flowing an oil Is, the greater the unit 
pressure It wilt stand In a hearing without squeezing out. A watch 
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oil, or a very light spindle oil, will only run under a very small unit 
pressure; aometiiiies tbey are squeezed out of tbc bearing when the 
presBure does not exceed 50 pounds per square inch. Od the other hand, 

I cylinder oil of good body will atand a pressure of over 2000 pounds 
Co the square inch in the same bearing. There la a certain quality of 
oil which 1b beet adapted to every bearing, and if possible it should be 
ttie one used. 

A third cause influencing the pressure which may he oarried Is 
adhesiveness between the oil and the rubbing surfaces. Some oils are 
more certain to wet metal surfaces than are others, and in the same 
way some metals are more readily net by oil than are otherH. it Is 
evident that when the surfaces repel, rather than attract, the oil, the 
Sin will be readily broken down, and wbea the opposite Is the case 
the film Is easily preserved. 

OH Grooving 

The mechanical arrangement o( the box and Journal may tend either 
to preserve or destroy the lubricating fltm. Both should be pertectly 
round and sniooth, the box a trifle larger In diameter than the journal. 
The allowance commonly made for the "running Bt" of the box and 
shaft Is about 0,0005 (D + 1) Inches, where D Is the nominal diameter 
of the shaft in inches. Some manufacturers of fast-running machinery 
make the diameter of the box exceed that of the shaft by nearly twice 
tills amount. The oil should be Introduced at that point where the 
forces acting tend to separate the shaft and box. At this point grooves 
must be cut In the surface of the box. so as to distribute the lubricant 
evenly over the entire length of the Journal. Having been so intro- 
duced and distributed, the oil will adhere to the journal, and be carried 
■round by it as It revolves to the point where It Is pressed against the 
box with the greatest force, thus forming the lubricating film which 
separates the rubbing surfaces. The supply of lubricant thus con- 
tinually furnished, and swept up to the spot where It is needed, must 
Qot be diverted from Its course in any way. A sharp edge at the 
division point of the box will wipe It ott thd journal as fast as It Is 
distributed, or a wrongly placed oil groove will drain It out before it 
baa entirety accomplished Its purpose. 

An Important matter In the design of bearings Is the cutting of these 
oil grooves. They are a necessary evU, and should be treated as such, 
by using as few of them as possible. They serve, first, to distribute 
the lubricant uniformly over the surface of the journal, and, second, 
to collect the oil, which would otherwise run out at the ends oC the 
bearing, and return It lo some point wherp It may again be of use. Aa 
generally cut, oil grooves have two faults; first, they are so numerous 

II lo cut down to a serious extent the area of the bearing, and, second, 
they are so located as to allow the oil to drain out of the bearing. 
Let ua take an ordinary two-part cap bearing such as the outlward 
bearing of a Corliss engine, and see how it is best to cut the grooves. 

One of these hearings, as commonly made by good builders, Ig shown 
in Fig. 1. The oil is Buppiiod, drop by drop, through a hole In the 
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cap, It there were no oil grooves, only a narrow band or the Hhatt 
revolving Immediately under this hole would be reached by the oil. 
II now, we cut a shallow groove in the cap, lengtbwlBe ol the bearing, 
and reaching almost, but not quite, to the edges, the oil will be enabled 
to reach every part or the revolving surface. To Ihls groove we some- 
times add two. as shown by the dotted lines In Fig. 2, which show the 
Inner surface of the cap aa being unrolled, and tying flat on the paper. 
No aeries of groovea can be cut in the box which will distribute the 
oil aa well or aa thoroughly as thoaa ahown. and they should always 
be used in the capa of such bearings In preference to any others. 

Having distributed the oil over the revolving surface, our next care 
must be to see that It is not wiped off before It reaches the point for 
which it was Intended. Accordingly, we should counterbore the box 
at the joint In such q way as to make a recess In which the surplus oil 
may gather, and which will further asalst when necessary In dls- 
trlbutlng the lubricant. This counterbore should extend to within 14 
or >4 Inch of the ends of the bearing, as shown in Fig. 1. 

When the oil la supplied through the cap, groovea for the distribution 




of the oil should not be cut In the bottom halt of the bearing, since 
they will only serve to drain the bearing of the film of oil formed 
there The old film Is under great pressure at this point and naturally 
tends to flow away when any opportunity la offered If left to its own 
devices, part of it will squeeze out at the ends of the bearing and be 
lost In order to sa^e thla oli shallow grooves, parallel to the ends 
of the bearing may be cut In the lower box as shown In Figs 1 and T 
Their offlce is to intercept the oil which would flow out at the ends, 
and divert It to the coucterbored recesses where it can again be made 
of use These are the only grooves that should ever be used In the 
lower half of a two-part bearing and they should only be used In the 
larger sizes 

Two classes of bearings whkh may well be made without oil groovea 
are, first, the cross-head slippers of enginea, and. second, crank-pin 
boxes. The crose-head slipper should have a recess cut at each end. 
In the same way as the couuterborlng of the two-part box, as shown in 
PHg. 4. To this la sometimes added the semi-circular groove shown iu 
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dotted lines, which does no harm, although it is unnecessary. The best 
way to oil a crank-pin is through the pin Itself. In the case of over- 
hung pins, a hole is drilled lengthwise of the pin to its center. A 
second hole is drilled from the surface of the pin to meet the first one. 
A shallow groove should now be cut in the surface of the pin, parallel 
to its axis, and reaching almost to the ends of the bearing, as shown 
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Tiff. 2. DeretopuMiit of Cap, tihcrwrta^ Ofl Oroov ln g and 

Coant«rborlnff 

in Fig. 5. No grooves should be cut in the boxes, but the edges where 
they come together should be counterbored. 

As much care and attention should be given to the oil grooving as 
to the size of a bearing, yet it is a matter often left to the fancy of 
the mechanic who fits it The purpose of the grooves, to distribute the 
oil evenly, should ever be kept in mind, and no groove should be cut 
which does not accomplish this purpose, except it be to return waste 



Flff. 8. Development of Xx>wer Half of Outboard Bearing 

oil to a place where it may again be of use. Most commonly, bearings 
have too many grooves. So far from helping the lubricants, they 
generally drain the oil from where It is most needed. Use them 

Calculatinsr the Dimensions 

The durability of the lubricating film is afTected in great measure 
by the character of the load that the bearing carries. When the load 
is unvarying in amount and direction, as in the case of a shaft carry- 
ing a heavy fly-wheel, the film is easily ruptured. In those cases 
where the pressure is variable in amount and direction, as in railway 
journals and crank-pins, the film is much more durable. When the 
journal only rotates through a small arc, as with the wrist-pin of a 
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steam engine, the circumstanceB are most favorable. It bas been 
found that when all other circumstances are exactly similar, a car 
journal, where the force varies continually in amount and direction, 
will stand about twice the unit pressure that a fly-wheel journal will, 
where the load Is steady in amount and direction. A crank-pin, since 
the load completely reverses every revolution, will stand three times, 
and a wrist-pin, where the load only reverses, but does not make a 
complete revolution, will stand four times the unit pressure that the 
fly-wheel journal will. 

The amount of pressure that commercial oils will endure at low 
speeds without breaking down varies from 500 to 1000 pounds per 
square Inch, where the load la steady. It is not safe, however, to 
load a bearing to this extent, since it is only under favorable circum- 
stances that the film will stand this pressure without rupturing. On 
this account, journal bearings should not be required to stand more 
than two-thirds of this pressure at slow speeds, and the pressure 
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should be reduced when the speed increases. The approximate un!t 
pressure which a bearing will endure without seizing is as follows: 

PK 

p = (5) 

DN-hK 

where p is the allowable pressure In pounds per square Inch of pro- 
jected area, D Is the diameter of the bearing in inches, N Is the num- 
ber of revolutions of the journal per minute, and P and K depend upon 
the kind of oil, manner of lubrication, etc. 

The quantity P Is the maximum safe unit pressure for the given 
circumstances, at a very slow speed. In ordinary cases the value of 
this number will be 200 for collar thrust bearings, 400 for shaft bear- 
ings, 800 for car journals, 1200 for cank-pins, and 1600 for wrist-pins. 
In exceptional circumstances, these values may be increased by as 
much as 50 per cent, but only when the workmanship is of the best, 
the care the most skillful, the bearing readily accessible, and the oil 
of the best quality and unusually viscous. It is only in the case of 
very large machinery, which will have the most expert supervision, 
that such values can be safely adopted. In the case of the great units 
built for the Subway power plant in New York by the Allis-Chalmers 
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Co. tlie Tslno of J> In the tormnla given on page 10 for the cnnk-plu 
ns 2,000 — u high a valne u It Is ever safe to use. 

The factor K depends upon the method of olUng, the rapldltjr ot 
cooling, and the care which the Journal 1b likely to get. It vlll be 
found to hare about the following valuea: Ordlnar7 work, drop-bed 
Inbrlcatlon, 700; flret-claBs care, drop-teed lubrication, 1,000; torcfr 
feed lubrication or rlng-otllng, 1,300 to 1,500; extreme limit for perfect 
lubrication and air-cooled bearings, 2,000. The value 2,000 Is seldom 
ued, except In locomotive work where the rapid circulation of the 
klr cools the Journals. Higher values than this may only be used In 
the case of water-cooled bearings. 

Formula No. 6 la In a convenient form for calculating Journals. 
In case the bearing Is some form of a sliding shoe, the quantity 240 V 
ihould be substituted tor the quantity D V In the equation, 7 being 
the velocity of rubbing tn feet per second. There are tew cases 
where a unit pressure snffidant to break down the oil flltn is allow- 
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Such casea are the pins ot punching and shearing machlnea, 
pivots of awing bridges, and so on. The motion la bo alow that heat- 
lug cannot well result, and the eOects of scoring cannot be aerloua. 
Sometimes bearing pressurea up to the safe working Btress of the 
material are used, but better practice la to use presaures not In excees 
of 4,000 pounds per square Inch. 

In general, the diameter ot a abaft or pin Is fixed from cousidera- 
tlons ot strength or stlfbeaa. Having obtained the proper diameter, 
we must next make the bearing long enough so that the unit pressure 
shall not exceed the required value. This length may be found 
directly by means of the equation: 
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7'here L Is the lenetb ot tbe bearing ta iDches, W the load upon It In 
pounds, and P, K, y, and D are as before. 

A bearing may gtve poor Batlaracllon because It Is too long, as well 
as because It is too sbort. Almost ever? bearing Is in tbe condition 
of a loaded beam, and (berefore it bas some deflection. Let us tube 
the case of an overhung crank-pin, In order to examine tbe phenomena 
occurring in a bearing under these circumatances. When the engine 
Is QrBt run. both tbe pin and box are, or should be, trtilj round and 
cfllndrlcal. As the pin dedecla under the action of the load, the 
pressure becomes greater on the side toward the crank throw, break- 
ing down the oil film at that point, and causing heat. After a whiie 
the box becomes worn to a slightly larger diameter at tbe side toward 
the crank. In the manner shown in Fig. E. which Is a section showing 
an exaggerated view ot the condition of affairs In the crank-pin Imz 
vhen under load. 

It has already been noted that the box muet be a trlSe larger In 
diameter than the Journal, and for successful working this difference 
la ver7 Etrictly defined, and can vary only within narrow limits. 
Bhould the pin t>e too large, the oil film will be too thin, and easily 
ruptured. On the other hand, should the pin be too small tbe bearing 
surface becomes concentrated at a line, and the greater unit pressure 
at that point ruptures the film. This Is exactly what happens when 
the pin Is too long. The box rapidly wears large at the Inner end, 
and the presBure becomes concentrated along a line as a consequence. 
The lubrlcatlne Dim then breaks down, and the pin heats and scores. 
The remedy Is not to make the pin longer, so as to reduce the unit 
pressure, but to decrease its length and to Increase Its diameter, caus- 
ing the pressure to be evenly distributed over the entire bearing 
surface. 

The same principles apply to the design of shafts and center crank- 
pins. They must not be made so long that they nlll allow the load 
to concentrate at any point A very good rule for the length of a 
Journal is to make the ratio of tbe length to the diameter at>out equal 
to one-eighth of the square root of the number of revolutions per 
minute. This quantity may be diminished by from 10 to 20 per cent 
In the case of crank-pins, and Increased in the same proportion In tbe 
case of shaft bearings, but it Is not wise to depart too far from IL 
In the case of an engine making 100 revolutions per minute, the bear- 
ings would be by this rule from one and a quarter to one and a half 
diameters In length. In tbe case of a motor running at I.OOO revolu- 
tions per minute, the bearings would be about lour diameters long. 
While the above la not a hard and fast rule which must be adhered 
to on all occasions, It will be found to be an excellent guide In all 
cases of doubt. 

The diameter ot a shaft or pin must be such that It will be atrong 
and stiff enough to do Its work properly. In order to design U for 
■trength and stiffness It is first necessary to knon Its length. This 
a assumed from the following equation; 
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L = . (7) 

PK 

where all the quantities are the same as in the preceding equations. 
Haying found the approximate length by the use of the above equa- 
tion, the diameter of the shaft or pin may be found by any of the 
standard equations gtven in the different works on machine design. 
It is next in order to recompute the length from formula No. 6, taking 
this new value if it does not differ materially from the one first as- 
sumed. If it does, and especially if it is greater than the assumed 
length, take the mean value of the assumed and computed lengths and 
try again. 

Bxaznples of Calculating Dimensions for Bearings 

A few examples will serve to make plain the methods of designing 

bearings by means of these principles. Let us take as the first case 

the collar thrust bearings on a 10-inch propeller shaft, running at 150 

revolutions per minute, and with a thrust of 60,000 pounds. Assuming 

that the thrust rings will be 2 inches wide, their mean diameter will 

be 12 inches. From equation No. 5 we will have for the allowable 

200 X 700 

bearing pressure , or 56 pounds per square inch. Thia 

12 X 150 -f 700 

will require a bearing of 60,000 -*- 56, or 1070 square inches area. 

Since each ring has an area of 0.7854 (14* — 10*), or about 75 square 

inches, the number of rings needed will be 1070 -f- 75, or 14. In case it 

was desirable to keep down the size of this bearing, the constant K 

might have had values as high as 1000 instead of 700. 

Next, we will take the main bearing of a horizontal engine. Wo 

will assume that the diameter of the shaft is 15 inches, that the weight 

of the shaft, fly-wheel, crank-pin, one half the connecting-rod, and any 

other moving parts that may be supported by the bearings, is 120,000 

pounds, and that two-thirds of this weight comes on the main bearing, 

the remainder coming on the outboard bearing. The engine runs at 

100 revolutions per minute. In this case, W = 80,000 pounds, P == 400 

pounds per square inch, and K depends upon the care and method of 

lubrication. Assuming that the bearing will be flushed with oil by 

some gravity system, and that, since the engine is large, the care will 

be excellent, we will let K = 1500. This gives us for the length of 

the bearing from formula No. 6: 

80,000 / 1500 

I/ = 



(1500 \ 
100 H 1 = 26% inches (about). 
15 / 



400 X 1500 

It is to be noted that, in computing the length of this bearing, the 
pressure of the steam on the piston does not enter in, since it is not 
a steady pressure, like the weight of the moving parts. The only 
matter to be noted in connection with the steam load is that the pro- 
jected area of the main bearing of an engine shall be in excess of 
the projected area of the crank-pin. 
For another example we will take the case of the bearings of a 
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l(K),000-poaiid hopper car, weighing 40,000 pounds, and with eight 33- 
inch wheels. The journals are 5% inches diameter, and the car is to 
run at 80 miles per hour. The wheels will make 307 revolutions per 
minute when running at this speed, and the load on each Journal will 
be 140,000-7-8, or 17,500 pounds. Although the Journal will be well 
lubricated by means of an oil pad, it will receiye but indifferent care, 
so the value of K will be taken as 1,200. The length of the Journal 
will then be 

17,600 / 1.200 

L = 



/ 1.200 \ 

I307H 1=9% Inches (about). 

\ 6.5 / 



800 X 1,200 

As a last example, we will take the case of the crank-pin of an 
engine with a 20-inch steam cylinder, running at 80 revolutions per 
minute, and having a maximum unbalanced steam pressure of 100 
pounds per square inch. The maximum, and not the mean steam press- 
ure should be taken in the case of crank- and wrist-pins. The total 
steam load on the piston is 31,400 pounds. P will be taken as 1,200, 
and K as 1,000. We will therefore obtain for our trial length : 

20 X 31,400 X i/W 

L = =4.7. or, say, 4% inches. 

1,200 X 1,000 

In order that the deflection of the pin shall not be sufllcient to de- 
stroy the lubricating film we have 

D = 0.09 i/wr* 

which limits the deflection to 0.003 inch. Substituting in this equa- 
tion, we have for the diameter 3.85, or say 3% inches. With this diam- 
eter we will obtain the length of the bearing, by using formula Na 
6, and find 

31,400 / 1,000 
L = 



(1,000 \ 
80 H 1 = 8.85. say 9 inches. 
3%; 



1,200 X 1.000 

The mean of this value, and the one obtained before is about 7 
inches. Substituting this in the equation for the diameter, we get 
5% inches. Substituting this new diameter in equation No. 6 we have 

31.400 / 1,000 \ 

L = 1 80 H I = 7.1. say 7 inches. 

1,200 X 1.000 \ 5% / 

Probably most good designers would prefer to take about half an 
inch off the length of this pin, and add it to the diameter, making 
it 5% X 6% inches, and this will be found to bring the ratio of the 
length to the diameter nearer to one-eighth of the square root of the 
number of revolutions. 



OAUSBS OP HOT BBABIN08* 

In oar modern high-speed Bteam and ku eDglnes, turbines and the 
like, hot bearings are of more frequent occurrence than Is generallr 
supposed. Terr often a new plant, Just put Into service, has to be shut 
down on this account. It not infrequently happens that the engine 
irhich has run "hot" is one of several, Identical In design and con- 
struction, the bearings in the others having cH>erated without trouble 
Apparently there Is no cause for this particular engine to give trouble, 
but In order to remove the dlfflculty, various makes of babbitt metals 
and bronzes are tried, sometimes with good results, sometimes without 
Again, It occurs that a machine or engine operates at the beginning 
with perfect satisfaction, but after a time one or more of the bearings 




begin to run "warm," and finally "hot," bo that rellnlng becomes neces- 
sary. As a general rule It Ib then Blmply accepted as a fact that the 
bearings "ran hot"; seldom does anyone think it worth while to seek 
out the fundamental causes for the trouble. That there is always the 
element of doubt in regard to bearings, U evidenced by the fact that 
our modern engine builders usually deliver an extra set of hearings 
with the engine, so that, in the event of trouble, a new set Is at band. 
The following may be of some aBBlstance towards discovering and 

*lIicsiKB*T, Noremlwr, 1907. 



IC 



No, ii^BEARINGS 



eliminating, in a scientific manner, and along technical and metair 
iurgical lines, the real causes of hot bearings. 

Investigation will show that the main reasons for hot bearings are: 

1. — Shrinkage or contraction of the babhitt. 

2. — Shrinkage strains set up in the babbitt metal liner by the un« 
equal distribution of the babhitt metal over the shell. 

3. — ^A lack of contact between the babbitt metal liner and the cast 
iron or cast steel shell. 

4. — ^The lubricant becomes partially deflected into the wrong place. 

Shrinkage or Contraction of the Babbitt 

a. Shrinkage in a diametral direction. As an illustration of tkis 
point, one may take the simple example of an iron ball and ring. If 
this ball, when cold, will just pass through an iron ring, it will not 
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Flff. 8. Same Bearing as 



shown In Fig. 7 Cooled Down to Normal 
Tempsrature 



do so when somewhat heated and expanded. After cooling down, how* 
ever, it will again pass through the ring. A similar action takes place 
in a bearing. 

In Fig. 7 of the accompanying illustrations the babbitt liner may 
be considered to have been just poured in, and the metal to be still 
liquid. At the exact solidifying point the babbitt will have filled all 
the interstices and be in good contact with the cast iron or cast steel 
shell, provided the babbitt itself has sufficient fiuidity to enable it to 
penerate the smallest spaces. From this solidifying point on, the 
babbitt will contract according to its coeflicient of contraction. Now, 
if the coefficient of contraction of the babbitt were the same as that of 
the material out of which the shell is made (usually cast iron or cast 
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steel), and provided that the shell had acquired the same temperature 
as the babbitt, the shell and the ba'bbitt liner would then contract 
equally, and a fftirly good contact would result, and there would be 
nothing to set up counter strains during shrinkage. But, as the co- 
efflcient of contraction of almost all babbitt metals is approximately 
two or three times higher than that of cast iron or cast steel, a shrink- 

vbibU •hriaki«a 
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U Device 



age or loosening of the babbitt liner from the shell must absolutely 
take place after the solidfying point of the babbitt is reached. Fig. 8 
shows this contraction as it would appear if magnified. The fact that 
most bearings are "split*' does not, of course, change this result. If 
the babbitt is secured in the shell by means of dove-tailed grooves, or 
other anchoring devices, so that the actual visible contraction from the 




ru^. ID. Same Bearlnflr as ahown In "Fig. 9. but with Dove-tailed Orooves. 
Vlaible Shrinkage Prevented, but Shxlnkaffe Stralna Produced 

shell is lessened or minimized, then an unavoidable consequence of 
these grooves or other devices is shrinkage strains, set up while the 
babbitt cools down, as explained further on. 

b. Shrinkage in an axial direction. With regard to shrinkage in the 
axial direction, it may be observed that the same results take place. 
Fig. 9 illustrates how the babbitt metal shrinks in a cast iron or cast 
steel shell in the axial direction, when there is no anchoring device 



employed. In Fig. 10 may be sten the old-tash toned dove-tailed etoovs 
construct Ion. p rob lb It In g an actual visible shrlnkase, but causing 
shrinkage Etr&lna. 

Sluinlcag-e SCralat 



By referring to Fig. 11, tt will be observed that the babbitt metal at 
da Is about twice ae thick as at bb. The consequence la that, as the 
Botldirjlng time of the greater mass aa \a longer tban that of the 
smaller mass bb. shrinkage strains are set u[> throughout the babbitt 
liner, which loosen It from the shell and have the tendency, In com- 
bination with the reg-ular wcrktug preasures and shocks, to produce 
minute cracks In the liner. 

Lack of Contact betiirBeii Liner and Shell 

In a bearing shell some parte ot the liner are In class contact with 

the shell, as a reeuit ot careful pouring and the use of a properly made 

babbitt metal, white other parts of the liner will not be In good con- 

Uct with the shell, by reason of shrinkage and the formation of air 
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bubbles and oxide gases, which tatter are esiieclally liable to be formed 
In babbitts containing copper. With the Idea ot filling up the hollow 
spaces between liner and shell, it U a quite general American practice, 
and an English one also, to peen or hammer the babbitt liner. The 
advlsablltiy ot this treatment Is, however, very questionable. By the 
peenlng process the air will simply be driven from one point to an- 
other, and be forced Into places where at flrst a good contact ezUted, 
thus destroying It. To secure a permanent and Intimate contact be- 
tween liner and shell by peenlng is impossible, on account of the elaa- 
ticlly of the liner material. When the hammer strikes the metal, a 
contact may be formed, but as soon as the force of the blow Is gone, 
the metal will spring away more or less by reason oF Its elastidtjr- 
Purthermore. the babbitt metal becomes more brittle by peenlng, and 
tta Btreogtb diminished; this has been proved beyond doubt by a 
aiber of teata, Peening. unless performed with the utmost pre- 
UntlOD, also produces minute cracks in the structure of the babbitt, 
1 will constantly be enlarged by the regular norking pressures, 
r these reasons, European continental practice has now practically 
ndoned the peenlng of babbitt metal liners. Summing up, in spite ot 
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Kood pouring, or peenlng, or dove-tailed gToores and other slmllu 
■ncboring devices, the Ilaera are In & greater or leu degree loose la 
the flhella. 

The Iiubrlouit Penetratlns the Hollow Spaces 
When these loose bearlDgs are in service, the hollow spaces between 
the liner and shell gradnallv become Impregnated with an oil Dim 
from the lubricant employed, as shown In Fig. 12. Now, the coeffi- 
cient ol heat-con ductivltr ol oil la only about 1/200 of that of an 
ordinary babbitt metal, or ol cast iron. Therefore, the heat created 
in the liner by the working friction will not he conducted away to the 
thell, and thence to the engine frame, as quickly as though an Inti- 
mate contact existed between shell and liner. The result is that the 




bearing readily becomes hot, because the babbitt metat liner retains. 
Instead of throwing off, the heat. The regular working pressure also 
Kti up a hydraulic pressure in the oil film, between the shell and 
tbe liner, which tends to produce breakages and cracks In the liner, as 
may sometimes be observed when removing bearings from gas en- 
EiDes, pumping engines and the like, subject to high pressures and 
■liiKks. A consequence of shocks is also that a liner which Is some- 
what loose will become distorted and "work"; this "working" pro- 
luces additionat friction and Increased temperatures. All the facts 
mentioned above tend toward the one result, vis., the Increasing of - 
tlie temperature In the bearings, even to the extent of melting down 
Uie babbitt liner. 
From various tests which have been made, the results ct one maj^ be 
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gtren here. A bearing with a perfect contact between liner and shell 
was tested under a constant load of 4<N) poands per square inch and a 
constant sliding speed of 480 feet per minute. The same bearing was 
again tested under the same conditions, but with the liner not in inti- 
mate contact with the shelL As the tests were necessarily made under 
a slightly Yarying atmospheric temi>erature, the difference between the 
actual bearing temperature and the room temperature was taken as 
the basis of each, and in the former case the result was 60 degrees 
F^ while in the latter 85 degrees F. When such differences are ob- 
tained in a testing machine, under the best operating conditions, how 
much worse must be the influence of the slightest lack of contact 
under usual working conditions, such as we have them in steam en- 
gines, air compressors, pumps, gas engines, etc! 

Summing up the foregoing we may say that in mo&t cases the direct 
causes of hot bearings are: A lack of contact between liner and shell, 
caused, first, by shrinkage and careless treatment of the babbitt, and 
second, by shrinkage strains produced by an unequal distribution of 
the liner masses over the shell; the formation of an isolating oil film, 
together with its consequences; cracks or breakages In the liner pro- 
duced as explained. The means of avoiding these troubles, and the 
principles of a good and safe bearing construction, must consequently 
be an absolutely intimate and homogeneous contact between liner and 
shell; an equal distribution of the liner over the shell; and a strength- 
ening of the liner against the shocks and working pressures. If 
these conditions are faithfully carried out, many troubles and much 
expense may be avoided. 
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THRUST BEAEINOS 

ThroBt bearings are, In general, of two kinds: step bearings and col' 
tar bearlDgB. In the former tbe tbrust Is taken b7 the end of the sup- 
porting shaft. In the latter bj projections or shoulders at some distance 
tram the end of the shaft. The slmDlest kind of a throat bearing Is the 
pivot bearing, exemplified bj the bearings for watch pinions and by a 
lathe center taking the end thrust of a cot on a piece held between the 
centers In a lathe. In genenl, howeTsr, th« end thrust Is taken by 




a large flat or nearly flat surface. When this Is the case several cod- 
Hlderatlons present themselves which must be given due attention by 
the machine designer. 

Assume that the Bat end of a vertical crlindrlcal shaft carrying a 
wslght or otherwise aubjected to pressure la supported by a flat sur- 
tacs. Then, If the shaft rotates, the velocities of points on its end 
surfsm at dllterdnt radial distances from its axis, will vary. The 
velocities of the points near the outside will be, in comparison, very 
high, while the velocity of a point near the center will be low. On 
account of this variation In velocity, the wear on the And surface of the 
shaft and the thrust surface of the hearing will be considerably un- 
even. If the parts are well fitted together when new, so that a unl- 
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form pressure Is produced a!i over tbe end of the shaft ana bearing. 
then the outer parts of the hearing surfaces nlll wear away most 
rapidly. This again Increases the pressure at the center, which some- 
times may become so Intense as to exceed tfae ultimate crushing strength 
of the material. The unequal wear of the surfaces of thrust bearings 
Is one of the moat difficult problems meeting tbe designer of machinery 
of which such bearings form a part. 

Experiments carried out by Scblele ahow that the wear Is theo- 
retically along a curve called the traclHi the construction of which 
will Immediately be referred to. If an end thrust bearing is made of 
a form corresponding to the Scblele curve then the wear In the dlrec 
tlon of tbe axis ot the thrust shaft will be uniform at all points but 
while Ibis curved form would be theoretically correct It has been 
Bhown In practice that nothing is fo be gained by the use of bearings 
Laving this complicated shape. 
_ The tractriz or Scblele curve may bp ronBtructed as follows In _ 




Pig 13 draw the lines J. B and C D, the flret represpntlng the e 
diameter of the shaft or spindle and the latter Its axis Set off on d S 
a number of equal spaces 1 2, 3, 4, 5 etc and on CD other equal 
Bpaces numbered to correspond and to suit the desired length of the 
bearing Then join these spaces by the lines 1-1, 2-2, 3'3, etc. The In- 
lersectlons E will bt in the path of the curve to he constructed. 

Simple Step Bearlnes for Llg-ht Duty 
Pot light duty simple step bearings of the types shown In Figs. 14 
to 17 answer the requirements well. The Intense pressure at the 
center and the consequent unequal wear are partly avoided in the bear- 
ing to Fig H by cutting anay the metal at the center of the shaft, 
aa shown leailng an annular ring which takes the thrust. This pro- 
cedure is advisable In all step bearings. Another difficulty met wUh In 
bearings of this type Is tbe question of lubrication. It the speed of 
the shaft Is high, the centrifugal force tends to throw the oil out from 
the center. Special provisions must then be made for again returning 
boU to the center, as otherwise the bearing would wear down rapldlf 
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became heated, etc. In Fig- 14 a elmple meiliod Is shown tor auto- 
natlcBlly returning the oil to the bearing surfaces. An oll-paaaage Is 
made Irom the chamber A., formed around the shaft, to the center at 
the shaft at the bottom. When the channel and chamber are once 
flUed with oil, this oil will continue to circulate automatically: it 
will be drawn In at the bottom, be thrown outward by the centrifugal 
force. And Its way Into the chamber A. and finally, through the chan- 
nel, return to the center of the bearing. 

Wben a bearing tor heavier duty is required, the design shown In 
Fig. 15 Is quite commonly adopted. Here a number of disks or washers 
are placed between the end of the thrust shaft and the supporting 
bearing. The object of this Is to Introduce a number of wearing sur- 
tacee, Instead of having the end of the shaft and the box take all the 
wear. Due to the fact that the series of washers Introduced permits 
Ota lower speed between each pair ot washers, the wear Is quite ma- 
terially reduced. Should the pressure cause any two washers to beat 







uid bind, the frlctlonal resistance betHeen th<>m ceases as one washer 
li tree to follow the motion of the other, and the oil will have an 
opportunity to get between the surfaces and cool them off. 

A bole Joay be, and generally Is. drilled through the centers of the 
washers, as shown in Fig. 15, and the same method tor continual 
lubrication, as shown In Fig. 14. may be used to advantage. Every 
^temate washer is commonly made of hardened tool steel or case- 
bardened machine steel, while the others are made of hron/.e. This com- 
bination provides for good wearing qualities. If the thrust shaft ts 
made of soft machine steel, and the box of cast iron, the top washer 
li often secured to the shaft, and the bottom washer to the box, so that 
an the wear may be concentrated upon the washers, which can easily 
be replaced. 

In Fig. 16 Is shown an improvement on the bearing In Fig. 15. This 
construction is recommended, in particular. In cases where the shaft 
and Its hearing box cannot be properly aligned with one another. The 
wssbers have spherical faces, t>eing alternately convex and concave. 
They are slightly smaller in diameter than the bearing box Into which 
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they are Inserted, bo that they may have an opportunity to adjust 
themselves to a perfect bearing on each Other, and thereby make up 
for the differences In the alignment of the thrust shaft and bearing box. 
Another type oC thrust bearing for loads which are not cxceaalve la 
shown In Fig. 17. It is a well-establtshed principle that It Is better to 
take the thrust of a bearing as near the center of the shaft as the 
load to be carried will allow. The farther away trom tne center the 
support Is, the greater is the motion and the greater la the retarding 
effect of the friction. The thin convex washera used are of tool steei, 
hardened, and although the bearing between them Is very small, their 
strength and hardnesR Is such that they are capable of standing a con- 
siderable pressure, though not as great a one, probably, as the other 
forms shown in Figs. 11, 15 and 16. In this tioarlng, also, there Is no 




Collar Thrust Bearlng-a 
When a considerable thrust Is to be taken care of, or when tba 
thrust Is taken on the shaft at a distance from Its end, collar thrust 
bearings are used They are usually of ihe form shown In Fig. 18. In 
B well made b'?3r:n^ each of the collar surfaces talies its proportlonata 
part of the load, and it Is thus possible, wllhout using excessive diam- 
eters, to properly dUlribute a very great thrust on a number of collars 
formed solidly with the shaft by cutting a number of grooves In th« 
latter. One advantage of the collar bearing is that the dlfTcrence be- 
tween the outer and Inner diameters of the bearing surface Is not very 
great, and hence the velocitiea at the outer and inner edges do not 
vary appreciably; this, again, eliminates unequal wear on the thrust 
collar surfaces. 



CHAPTER IV 



PRICnON AND LUBRICATION* 

Probably the most Important and complete series oF experiments on 
ilie friction of joarnals and pivot bearings yet undertaken was carried 
out by live late Mr. Beauphanip Tower for a Research Committee of 
ilie British Institution of Mechanical Engineers, In carrying out the 
eiperlments. as the result of an accidental discovery, aa attempt was 
made to measure the pressure at dUTereat points of the bearing. A 
hole had been drilled through the cap and brass For an ordinary lubri- 
cator, wben, on restarting the machine, oil was found to rise through 
the hole, flowing over the top of the cap. The hole was then stopped 
*ith a wooden plug, but this waa gradually forced out on account of 
the great pressure to which the oil was subjected, and which on screw, 
ing a pressure gage Into the hole was found to exceed 200 pounds 
per square loch, nlthough the mean load on the Journal was only 100 
pounds per square Inch, Mr. Tower proved by tbls and suliBequent 
experiments that the tirass was actually Seating on the film of oil 
existing between the shafting and the bearlog. By drilling a number 
of small ho'.cs at different points in the brass, and connecting each 
one of tfccai during the test to a pressure gage, Mr. Tower was able 
to obtain a diagram showing tbe distribution of pressure upon the 
bearljig. It appears that the pressure Is greatest a little to the off 
side and at the middle ot the length of the bearing, gradually falling 
to zero at each edge. The total upward pressure was found to be prac- 
tically the same as the total load on the bearing, again showing that 
Ilie whole ot the weight was borne by the fllm of oil. Any arrangemeni 
vhich would permit the film to escape was found to result in undue 
heating, and the bearing would finally seize at a very moderate load. 
The oil bath lubrication was Found to be the most perfect system of 
lubrication possible. In the table below the results obtained by Mr. 
Tower are Bpeclfled for three different methods of oiling, 

A«ua1 LoBiI in 
Pounds per Coefficient Relative 

Squnrei rncli n[ Prieiion Friction 

Oil bath 263 0.00139 1.00 

Syphon lubricator ... 252 O.rlOOSO t OB 

Pad under journal 272 O.OOSOO 6.48 

With the needle lubricator and a straight groove in the middle of 
the brass for distributing the oil, the bearing would not run coo] when 
loaded with only 100 pounds per square inch, and no oil would pass 
down from the lubricator. The groove, In fact, was found to be a 
most eflectlve method oF collecting and removing the film ot oil. In 
Ibe ncKt place, the arrangement of grooves usual in locomotive axle 
boies was adopted, the oil being Introduced through two holes, one 
near each end and each communicating with a curved groove. This 
■ lIicHiHBBT. Uiircb.^t)0~. DDd April, inos. 
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bearing refused to take the oil, and could not be made to run cool, 
and after seyeral trials the best results which could be obtained led 
to the seizure of the brass under a load of only 200 pounds per square 
inch. These experiments proved clearly the futility of attempting to 
introduce the lubricant at that part of the bearing. A pad placed in 
a box full of oil was therefore fixed below the journal, so as to be 
always in contact with it when reyolving. A pressure of 550 pounds 
per square inch could then be carried without seizing, or very nearly 
the same load as in the case of oil-bath lubrication. 

BesultB of Tower's Experiments 

One important result was to show that friction is nearly constant 
under all loads within ordinary limits, and that it does not increase 
in direct proportion to the load according to the ordinary laws of 
friction. This is indicated by the result of the experiments recorded 
below. 

Yariation of Friction with Pressure. — Journal, 4 inches diameter, 6 
inches long. Brass, 4 inches wide. Speed, 300 reyolutions = 314 feet 
per minute. Temperature, 90 degrees F. 

BATH OF ZiABD On« 

W 
Pressure in pounds per square inch of bearing p = 

axi 

Product 

0.676 
0.664 
0.682 
0.635 
0.627 
0.670 

BATH OF OUVB OIL 

W 

Pressure in pounds per square inch of bearing p=: 



PresBure per 


Coefficient of Friction 


•q. in. 


= /i 


520 


0.0013 


41.5 


0.0016 


310 


0.0022 


205 


0.0031 


153 


0.0041 


100 


0.0067 



Pressure per Coefficient of Friction Product 

sq. in. = /i / X /i 

520 0.0013 0.676 

468 0.0015 0.702 

415 0.0017 0.705 

863 0.0019 0.689 

810 0.0021 0.651 

S&8 0.0025 0.645 

106 0.0030 0.615 

L68 . 0.0044 0.673 

iOO 0.0069 0.690 

lelent of friction with bath lubrication varies inversely as 

"*e, or, in other words, the friction of the bearing is alto- 

^ent of the pressure upon it; the first law of friction 

read: Temperature and velocity remaining constant ^ 

^lU U proportional to the nominal pressure, and the 

^rietion i$ independent of the load, provided thit 

tm 400 pounds to 600 pounds per square inch. 

iHftt the work done in ol^rcoming friction is 
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independent of the load upon a machine, and that there is no appre- 
ciable increase in the loss due to friction from no load to full load. 
Under a load of 300 pounds per square inch and with a surface speed 
of 300 feet per minute, Mr. Tower found the coefficient of friction to 
be 0.0016 for oil-bath lubrication, and 0.0097 for a pad. 

In the next place it was found that the coefficient of friction is in- 
versely proportional to the temperature, other conditions remaining 
the same, as shown below. 

Yariation of Friction with Temperature. — Journal, 4 inches diameter, 
6 inches long. Brass, 4 inches wide. Speed, 300 reyolutions = 314 
feet per minute. Load, 100 pounds per square inch of nominal area. 

BATH OF LABD Olli 

Tflmpcratore CoeflBeient of Prodnet 

I>«Vi.F. (D««8. F. - S2) « t Friction »M tXM 

120 88 0.0044 0.387 

110 78 0.0050 0.390 

100 68 0.0058 0.394 

90 58 0.0069 0.400 

80 48 0.0083 0.398 

70 38 0.0103 0.391 

60 28 0.0130 0.364 

The second law of friction should therefore be stated: TfomitM 
pressure and velocity remaining constant, the coefficient, and therefore 
the work done against friction, is inversely proportional to the tem^ 
perature of the hearing. 

This has also been very neatly demonstrated by a recent experi- 
menter, Mr. Dettmar, whose machine is electrically driven, and there- 
fore the consumption of current could be very accurately measured 
during a five hours' run at constant speed and voltage. As load and 
velocity remain constant throughout the test, a decrease in the loss 
due to friction could only occur with a diminution in the coefficient. 
The current fell off in the same ratio as the temperature increased. 

The results of Tower's experiments seem to indicate that friction 
increases with the velocity, although not nearly in proportion to the 
square of the velocity as observed by Dettmar. As the result of the 
more exact determination possible with his machine, Dettmar found 
that friction increases very nearly as the 1.5 power of the velocity. 

The mean values of the coefficient of friction for different lubricants, 
and with different methods of lubrication as observed by Mr. Tower, 
are given in the following table: 

Yariation of Friction noith Different Lubricants. — ^Journal, 4 inches 
diameter, 6 inches long. Brass, 4 inches wide. Speed, 300 revolutions 
= 314 feet per minute. Temperature, 90 degrees F. 

Max. Safe ProMrare In 
Coefficient of Pounds per«q. Inch 

Lubricant Friction of Nominal Area 

Olive oil 0.00172 520 

Lard oil 0.00172 570 

Sperm oil 0.00208 570 

Mineral oil 0.00176 625 

Mineral grease 0.00233 625 
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Nlcolaon's Experimenta on Friction and Lubrication 
The remainder of tbls chapter conalsLs of an abstract of a paper 
read by Dr. J. T. Nlcolson before the Manchester (England) Aaaocla- 
tlon of Engineers. The chief aim of the Nlcolson experiments was to 
£lre Bome definite Ideas about the resistance offered to the relative 
motion of lubricated surfaces, and they, in particular, related to Jour- 
nals and bearings as used in engineering practice. Ei: per I mental 
results obtained by Strlbeck, Dettmar, Helmann, Lasche, and others 
have been utilized for framing rules which indicate that some views 
commonly held in regard to bearings are not correct. In particular. 
the idea that the length of the bearing should Increase in proportion 
to tbe speed la shown (o be erroneouB. 

Dry Friction 

When one solid rubs upon another without any lubricant, the resis- 
tance offered to relative motion Is due either to actual abrasion or to 
molecular Interference between the two Burfaccs. Even though a 
raetallJc surface may appear to he perfectly smooth to the eye, its real 
condition. If viewed with a powerful microscope, resembles that of a 
rugged mountain system. When one surface Is slid upon another, 
these surfaces exercise a reslBtlng force. The following laws may be 
considered as generally covering the question of dry friction: 

1. Within certain limits, the frlctiona! resistance may ha said to 
be proportional to the load, and to be independent of the eitont of the 
surface over which the load Is dlatrlhuted; but whea the pressure or 
load per unit area Is large, the friction tnceasea at a greater rate 
than the load, or, in other words, the coefCclent of friction Increases 
with the pressure. 

2. The coefficient of friction varies with the speed of motion. It Is 
greatest when the motion Is slowest, and when one body Is Just com- 
mencing to move relative to another, we have what Is called frlcilon 
ot repose. This friction has been found by experiments to be from 
0.3 to 0.4 for Iron upon Iron; tor moderate speeds the friction varies 
from O.IS to 0.25 for the same material; and for speeds from 10 to 90 
feet per second, coefUclenta of from 0.10 to 0.20 have been found 
by experiments. 

3. The friction of solids with no lubricant Interposed has been 
found to diminish as the temperature Increases. This Is due to the 
fact that abrasion is easier at high temperatures. 



Friction a 



i Lubrication 



Whan some lubricant Is placed between moving bodies, the valleys 
or the uneven surfaces are leveled up, and the intensity ot the molecular 
action is diminished. For the frlctionai work when a shaft rotate* 
In a well lubricated bearing, we may state the following tormulB, i 
pressing the frlctionai work done per revolution: 



F^tctional work per revolution = — 



- foot-pounda. 
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In UiIb formula, 

d = diameter of shaft in inches, 
«== coefficient of friction (0.15 on an average), 
W=Ioad on the bearing in pounds. 

This formula holds true when there is plenty of oil, so long as the 
speed is small. If we take as an example the case of the spindle for 
a 10-inch lathe, running slowly, with a weight of 3000 pounds carried 
by the front bearing, which is 3% inches in diameter, then the friction 
work per revolution is 

ir X 3.5 X 0.15 X 3000 

=412 foot-pounds per revolution. 

12 

If a cut were 1/4 inch x 1/16 inch on soft steel, the cutting force 
would be, say, 3500 pounds, and on a 20-inch face-plate diameter the 
work spent in cutting per revolution would be 

20 ir 

3500 X = 18,300 foot-pounds. 

12 

The work lost in friction by the journal is therefore 2.26 per cent 
of the useful work. A similar calculation for a 48-inch lathe would 
show a loss of about 10 per cent. These great frictional losses con- 
stantly occur with lathe spindles or other rotating shafts, revolving 
slowly, even when abundantly fed with oil, and indicate the necessity 
for using measures to preserve a separating film of oil between the 
shaft and bearing, and not to allow them to run In metallic contact. 
This is more difficult to accomplish at slow than at high speeds. 

Automatic Lubrication 

The following rules for supplying bearings with oil will give the 
best results In practice: If the oil is fed in by the ordinary cup and 
syphon, or by a ring or centrifugal method of supply, it should be 
made to flow onto the Journal at the place where the pressure Is least. 
The oil should therefore be fed from a point situated in the top rear 
quadrant of the bearing when the Journal is loaded by gravity only, 
and the point should be further back the slower the speed. This 
appli«>j3, then, especially to the large lathes. If the loading of the 
Journal is principally due to cutting force acting upward upon it, the 
feed should be placed in the bottom front quadrant, and nearer the 
front, the slower the speed of rotation. This meets the case of the 
smaller sized lathes. 

The compromise ordinarily effected to enable the lubricant to enter, 
whatever may be the direction of the loading, is the simple one of 
fitting the oil cup on the top of the bearing. This seems almost the 
only thing to do in the case of automatic lubrication, but it is the 
correct position only when the resultant force upon the Journal, due 
to gravity and cutting force, etc., acts nearly horizontally and from 
front to rear. 

Forced Lubrication 

When the lubricant is supplied by mechanical means at a fixed rate 
and at any required pressure, it must be fed in at the points of greatest 
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oil pressure in the bearing. For large lathes, where gravity is more 
important, the region of greatest pressure lies in the rear bottom 
quadrant. For small lathes, on the other hand, in which the force on 
the spindle acts upward, owing to the cutting force being relatively 
greater, the maximum oil pressures occur in the front top quadrant. 
To meet all contingencies, it would appear on the whole best, in the 
case of forced lubrication, either to force the oil in at the back of the 
bearing, well below the center, or preferably to fit three alternative 
branches from the oil pressure supply pipe to the back, top, and front, 
any one of which may be turned on at will to suit the conditions of 
working. 

Frictional Besistance Due to VlBCOsity 

In describing the phenomena occurring when a Journal rotates in 
a bearing, we have, so far, not alluded to the nature or magnitude of 
the frictional resistance experienced when there is an abundant supply 
of lubricant completely separating the former from the latter, and 
preventing any metal-to-metal contact. It is frequently stated that 
"there is no friction without abrasion,*' or. In other words, that unless 
two metals rub against each other there can be no resistance due to 
relative motion. This, however, is not the case. When a film of lubrl< 
cant is interposed between two metallic surfaces there is a resistance 
to relative motion of these surfaces due to the shearing or transverse 
distortion of the oil film. 

This resistance does not depend on the load. It is governed only 
by the area of viscous fluid to be sheared and the viscosity of the oil, 
i. e., the kind of oil and its temperature (with which the viscosity 
greatly alters), and it also gets greater the smaller the thickness of 
the film, so that if the shaft is a close fit within its bearing the resist- 
ance to motion will be greater than if the fit is an easy one. 

There are very few cases in engineering practice where a Journal 

rotates with a uniform thickness of oil around it, and it is only at 

very high speeds that this takes place. At moderate and low speeds 

the shaft moves to one side an amount depending on the speed of the 

load, the eccentricity for any given load becoming less the greater the 

speed. We have already said that the frictional resistance depends 

on the thickness of the oil film. E«xperiments have shown, however, 

that the thickening of the film on one side of the shaft is more than 

coonteracfed by the thinning of the film on the other, so that, in gen- 

""i*^ the friction gets greater when the journal becomes more eccentric. 

■*«tdering, therefore, the bearing running slowly, in which a lubri- 

Ul Just formed a complete film all around the shaft, it will have 

admom amount of eccentricity, and the frictional resistance 

m this account, be large. As the speed increases, the eccentricity 

uUshes. The friction increases with the speed, but it diminishes, 

the other hand, with the eccentricity. ESxperiments show that at 

^ there is a decrease and then an increase, so that the coefficient 
of friction attains a minimum value which depends on the circum- 
in each case. With further increase in speed, the diminishing 
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of friction, &ne to the lesBenlng eccentricity, becomes InBlgnlQcaDt. and 
after a certaia interval the simple law of friction la foUowed, wheretiy 
friction increajea In proportion to the velocity of rubbing. 

For apeeda greater than at from 20 to 80 feet per minute, the tem- 
perature of the oil film also exertg Ita Influence. This temperature 
rises above that of the bearing, and ita vfacoeity becomes reduced. 
Tbe frictionat realstanee then IncreaaeB lesa rapidly than In exact pro- 
portion to the speed. The faster the Journal runs, the more tlie tem- 
perature ot the oil Otm rises above that of tbe bearing, and the thinner 
or less tIbcous becomes the oil. TtiuB. for speeds from 50 to 90 up to 
about 4B0 feet per minute, the coefDcient of friction is proportional to 
tbe square root of tbe speed of rubbing. For gpeeda between 450 feet 
and SOO feet per minute the frictEoa increases more slowly, and varies 
as the Bfth root of Ibe velocity. For speeds as high as 3, SOO feet per 
minute and upward, the inQuence ot the speed disappears altogether, 
and the concluElon la arrived at that for bearings ot high-speed gen- 
erators, tor tnatance, driven by Bteam turbines, whose rubbing speeds 
are nearly a mile a minute, tbe coefficient of friction la the same, what- 
BTer be the speed, 

Application of BeaultB of S^cperlments to tbe 
DeslKn of BeaHnfts 

Id endeavorlns to apply tbe theoretical explanatlonB and the experi- 
mentally found formulas, the question arises: What Is tbe proper 
proportion of length to diameter, under any given condition, as (o load, 
ipeed and kind of lubrication? According to hitherto accepted rules, 
the length of Ihe bearing should Increase with the load and with the 
number of revolutions. The experiments and formulas arrived at by 
the author indicate, however, that the beat developed In tbe bearing 
depends only upon the rubbing velocity, and la quite independent of 
the length of the Journal. We cannot, therefore, hope to lower the 
temperature by lengthening tbe bearing. Tbe heat generated Increases 
as fast as the area for dissipating It Increases, and, although by length- 
ening the journai tbe bearing pressure Is diminished, the frlctlonal 
nsletance and the heat generated are tncreoBt'd. On the other band, 
we know from experience that Journals must be made long for 
high speeds, aad the above calculations seem, at nrst sight, to be in 
conflict with accepted practice. Tbe explanation of this is as follows: 
While It Is Iruo that the final temperature to which the bearing will 
ilae after a long run, under a given load, and with a given lubricant, 
depends only on the diameter of the spindle and the speed ot revolu- 
tion, that is. only upon the rubbing velocity, and not at all upon the 
length of the Journal, we have to remember that It the finally attained 
temperature be Too high, the lubricant will be squeezed out unless tbe 
bearing pressure Is low. 

Another conclusion arrived at by these experiments, contrary to the 
view usually accepted. Is that the length ot the bearing must be 
greater, the slower the speed. This, however. Is clearly correct, tor 
th« slower the speed, the greater dlfBcully has tbe shaft In dragging 
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In Ita supply ol oil to meet the required demand. In oppoefiion to the 
bearing pressure which la squeezing It out. and consequent]? the noU 
bearing pressure should accordingly bn lower In order lo enable the 
Journal to maintain Its oil fltm unbroben. 

Journals ftir Heavy Loads at Slow Speed 
One kind of bearing which preaents special conditions, and which 
Is trequentty met with and haa to be dealt with la practice. Is that in 
which a Journal has to run under a heavy load at a very slow speed. 
What ve have here to guard against la the entire collapse or tearing 
asunder of the film of lubricant, owing lo the slow speed at which the 
bearing Is being worked; and when once the tearing of the oil fliitt 
begina. the Journal la unable to bring up a fresh supply, owlet; to Its 
amall surface speed. 

Calculations and experiments show that It Is Impossible to give the 
Urge dimensions to the front bearint; of a heavy lathe that would be 
necessary to prevent the oU fliiu from bolng broken at such slow speeds; 
and. as a matter of tact, lathe splitules turning at the slow speeds 
used for heavy culs Inevitably run mr-taMo^metal with their bearings, 
giving rise to the high frictlonal resistance corresponding lo the co- 
elBclent of friction of 0.15 for greasy metals. The work thus spent 
and wasted on friction and wear may amount to from 2 per cent to 10 
per cent of the total useful work expended on cutting. From ^ to 9 
(according to size) horsepower la, therefore, wasted on the friction of 
the front journal alone when the lathe is running at these slow rates 
with a heavy Job between ceciera. Even if the working preaaure Is 
light, and the thrust on the front Journal la due to the standard cut 
only. It can be shown that Zy. per cent of the useful work is spent on 
friction on any size of lathe when the speeds are so low as lo squeeze 
out the otl film. 

We are here face to face with a very serious loss of power, and ft 
correspondingly large amount of wear of the spindle and In the front 
bearing, not at all due to high speeds of rotation of the spindle: and It 
Is owing to this that the elaborate arrangements for adjustment Ot 
the spindle In a lathe head-stock have to be provided. 

It Is impossible to give enough area in the front b>?nrlng of a latlM 
head-stock to prevent metallic contact of Journ.it and brass at tba 
slower speeds. If dependence la placed upon the lubricant being carried 
B hr the ordinary action of the shaft's rotation, the supply being anto- 
By using a force pump, however, and Injecting a atream at 
rately heavy otl Into the bearing at the place whpre the pressure 
■ sreatest, It la possible to raise the Journal off the brass even wbcn 
f rest, and to keep It floating with a film of oil Interposed tietwcen 
ieU and the bearing when in motlnn. be that motion as slow and the 
B high OS II may. If meial'to-melal contact can in this way be 
Mvented at slow, and by the ordinary methods at high speeds, tltera 
e a poaslblllty that wear msy be entirely eliminated. K 
1 be so. It follows that adjustments for wear are unnecessary, and 
■tead of the elaborate and expensive designs of front and back beu^ 



i-RICTION AND LUBRICATION 33 

Id; TCbich are now used, we may expect that a simple eolld buah of 
ai.iple thicknesa will meet every requirement. Sucli a solid buah, of 
hard bronze round the steet spindle, has a great deal to recommend It 
from the point of view o! accuracy of flt, Folldlty, and stlffneaa, as 
(ompared with the Intricate methods of adjustments now common. 

Uodern Practice Tor LubricatinK Bearings 

The chief distinction between the modern and the older methods of 
lubricating bearings lies Id that (lie oil la no longer supplied drop br 
drop, as formerly, but In an abondant stream, the oil serving the pnr- 
pase not only of lubrication, but of carrying away the heal. 

For high speed bearings, the principle most often adopted la that 
of the "closed circuit"; that Is. the oil Is used over and over again: 
after dropping off the journal Into a collecting reservoir It is Qltered 
and used anew, being automatically aupplled to the Journal at any 
suitable point A cooling arrangement la sometimes fitted In the reser 
TOlr, so as lo remove the heat from the oil. and consequently also 
from the bearings. The system of forced lubrication Is also adopted 
to a sreat extenL The ol! Is then, by means of a pump or other suitable 
device, pressed in between the rubbing surfaces so that the Journal 
SoalB on the heavy fllm of lubricant. 

LubrlcftttaB' Horizontal Bearing-s 

The most common method of lubrication (or horizontal Journals run- 
ning at high speed is the rlng-olled bearing, in which a loose ring, 
resting on the shaft, turns with It, dipping Into the oil reservoir at 
the lower side, and bringing up the oil to the top surfaces of the Jour- 
nal, from where 11 flows over Into the oil grooves. No ribs or other 
projections ahoutd be fitted on the rings, as such arrangements produce 
a resistance to their passage through the oil bath, and bring them to a 
standstill. At high speeds, the centrifugal force renders the flow of 
oil from the ring to the journal difflcuit. and scrapers are used for 
diverting the oil into the oil cbannels. These, however, should never 
touch the ring, as they will then atop Its motion. 

SelF-oiliog bearings having rings fast on the shaft are not much used. 
The fast ring cannot stick, but it requires a longer design of bearing. 
The ring may act as a collar where endwise motion la to be prevented; 
but as Kuch motion is usually an advantage, the ring should ordinarily 
be attached to the shaft so that it can slide on its key. For high 
speeds the scraper may be uaed with fast rings, lo overcome the cen- 
trlfusal force. 

Forced Lubrication 

By the use of a pump to force the oil drawn from the reservoir into 
the bearing to the point ol maximum pressure, the length of the bear- 
ing can be very much diminished even for the slowest speeds, espe- 
cially (or Journals whose load and rotation direction do not change. 
For such bearings the length need. In all probability, not be more than 
equal to the diameter of the shaft. With such bearings there ought 
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hardly to be any wear at tM. The system is extensively used in high 
speed steam engines and gas engines. 

Ortsase as a Lubric^ant 

Grease has certain advantages as a lubricant which make its use 
advisable in many places, but it should not be expected that its lubri- 
cating value is ever as good as that of the best oil, although it may 
give better results in some places. For example, grease is particularly 
valuable for bearings exposed to dust, for when it is forced into the 
bearings with compression grease cups, the grease flows outward 
around the journals, forming a perfect dust protector, both because It 
seals the bearing and because the outward flow of the grease repels 
the intrusion of dust and abrasive particles. In such places the best 
oil would not give nearly as good results as grease, although its 
lubricating quality is generally considerably greater. On the other hand, 
the use of grease for lubricating machinery of a mill would not be 
advisable where the power factor is important in the cost of produc- 
tion. For example, some tests were made several years ago in the 
lubrication of the machinery of a flour mill that was run by two water 
wheels of the same size, as stated by Mr. W. F. Parish, Jr., in a paper 
read before the North Eastern Coast Institute of Engineers and Ship 
Builders. In making the trial of grease the section driven by No. 1 
water wheel was fltted up first. As the grease displaced the oil it was 
noticed that the speed of the mill decreased with a consequent de- 
crease of production. At first no one thought that the grease was 
responsible for the slowing down, but as the second part of the mill 
slowly decreased in speed as the use of the grease was extended, a con- 
sulting engineer was called in, who suggested that, in view of the fact 
that speed had decreased with the introduction of grease, it was respon- 
sible for the loss of production. Upon the resumption of the use of 
oil the speed of the machinery again rose to its original figure, proving 
conclusively that the lubricating value of the grease was inferior to 
that of oil and that the difference was an important factor in the 
mill's production. The relative value of different oils in the lubrication 
of textile mills has long been known to be important in influencing the 
cost of production. 
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By conservative estimate the value or the bearing metal In actual 
use in the United States exceeds (50,000.000, of which (ully one-half 
la used OD the locomotives and rolling stock of the railroads of this 
country. In view of the Increase In the amount of machinery and 
rolling stock steadily going on, and the constant wearing out and 
replacement of bearings, the value and Importance of this product 
cannot be overestimated. The life of a machine Is largely dependent 
upon Its bearings, and In view of this the fact that knowledge In regard 
Id bearing metals and alloys Is not more general, is remarkable. Again, 
the nature ot tbe production of these alloys is such that, while in 
some cases tbey have been patented and are manufactured under trade 
names. In many others they are made up of scrap, with widely varying 
proi>ortlons ol tbe different metals Incorporated in their structure; on 
tbls account, probably no phase of engineering progress In machinery 
construction and operation is tbe subject of more dlfScuIty and dis- 
satisfaction. 

The tact that bearing metals have to be taken largely on faith or 
else tested by more or lees complicated proceseea for their chemical 
constituents, and the further fact that trade conditions In this field 
are such that tbe properties of metals are apt to vary greatly in dif- 
ferent shipments, Is a matter of grave Import to the average machinery 
manufacturer and operator. Only the largest consumers can afford to 
make the necessary tests and investigations of a given consignment 
in order to test Its quality, and. In addition, a dellnlte amount of spe- 
cial knowledge is requisite for this purpose, In view of the often 
nide Tarlatlons In properties of the alloy, with a comparatively smsil 
variation In the proportion of its constituents. Under these circum- 
stances the average small machine shop and consumer In tbls field 
accepts bearings on faith alone and Is dependent largely upon the 
commercial reputation of tbe Srm furnishing the material. That this 
should not be so Is a foregone conclusion, but In view of this condition 
ot affairs the rapid progress of the flnn whose standing can be relied 
upon In tbls field Is readily explained. 

Bearings are usually composed ot alloys ot copper, lead, tin, antimony 
and Etnc, and are known as babbitt metal (after the name of the dis- 
coverer of this material), white metal, brass, phosphorous bronze, and 
various other trade names. Quite a number ot these are patented, 
luch as "'plastic bronie," etc., but many are sold merely under trade 
name, and In some instances are of uncertain composition. 

Tbe principal qualUies which a good bearing metal .'should have are 
good antl-frictlonal properties, so as to withstand heavy loads at high 
Speed, without heating, and, second, sufficient compressive strength so 
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as to neither be squeezed out of place under blgh pressure, nor crack 
or break wben subjected to sudden Ebocks. In addition to these, many 
olher properties must be considered In a cbolce of bearing metale 
depending upon the special purpose for which the material ta to be 
utilized. Temperature variation Is often an Important Factor, espe- 
cially In refrlgeratlne plants, and the coelQcleDt of expansion should 
be considered to prevent undue binding, v/lth consequent destruction ol 
the bearing and tbe poeslble variation In other properties, such as 
brittleness, ducllUty, etc., under various temperature conditions. In 
addition, many bearings must operate under condltloaa where theT are 
subject to chemical action, whether that of hrlce or ammonia In retrlg* 
eratiag plants, or acids, alkalies, etc., in chemical eBCabtlshments, and 
In dynamo and motor construction and operation, the electrical con- 
ductivity must be considered as welt. This statement applies equally 
to all bearings incorporated In electrical machinery, where tbeae muat 
serve as electrical conductors Buch as the bearings for the wheels Is 
trolley cars, etc. 

The chief properties to date which have been developed to a greater 
extent than others In machine design are those of friction elimination 
and reslEtance to compresBive loads. Theoretically, all metals have 
tbe Bame friction, according to Thurston, and the value ot tbe soft 
while alloys for bearings lies chiefly In their ready reduction to a 
emooth surface after any local Impairment of the eurface. such as 
would result from the Introduction of foreign metal between tbe moving 
Burface and the bearing, Uoder tbese clrcumatances tbe soft allora 
flow or squeeze from the pressure Into the irregularity, forming a larger 
area for the distribution of the pressure, thus diminishing its amount 
per unit of area. Further, the larger area over which the pressure ts 
extended the less becomes the liability to overheating and consequent 
binding. Under these circumstances the frlctlonal properties of a bear- 
ing are in Inverse ratio to their compressive resistance, and inrartabiy 
the best bearing alloys, from a high speed standpoint, are unsatisfac- 
tory for utllliation in heavy machinery, Tbe recent Introduction of 
an Iron or steel grid to form the base of the main bearing, and to be 
filled with much softer bearing metala than could ordinarily be In- 
stalled, or in some cases even graphite, is a step in the right direction 
and presents possibilities of great importance In this field ot machine 
ievelopment. 

Lead flows more easily under pressure than any of the common met- 
ftis, and hence It has the greatest anti-frlctional properties. Of course, 
a number of metals exceed lead in this property, but their cost or some 
other factor render them unavailable. Lead is the cheapest ot the 
metals, except Iron, and In comparison to the other metals used in the 
formation of bearing alloys their relative prices are somewhat In the 
following order per one hundred pounds: Lead, J4; zinc, |S; antimony, 
J9: copper, $13; and tin, (30 or more. It can thus be seen that the 
more lead that is used in a given bearing, the softer it is, the leas fric- 
tion It possesBes, and the cheaper It can be furnished. It Is. however, 
too soft to be used alone, as It cannot ije retained In the recesses ot the 
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wtic-D used Blmply as a liner and run into a shell of braes. 



otber alloy. VarlouB otber metala taave 
tin, antimony, copper, zinc, iron and a 
unds, Buch as sodium, phospliorus, car- 
le dilterent iDgredietiis Is to-day talrl/ 
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well understood. 

If antimony is added to tbe lead tt increases its bardaeae and brlttle- 
□ess, and If tin is added as well It malces a tougber alloy (ban lead or 
antimony alone. Nearly all of the various babbitt metals on the mar- 
ket are alloys of lead, lin and antimony In various proportions, with 
or without other ineredlents added. In such babbitts the wear ia- 
creases with the antimony as a general thing, and the price with the 
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10.3 


Fe=0.1 
Ffi = 0.6 
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Mi " biimuUi ; /" = phosphorus ; ft = iron ; .Mi = sodium. 

tin. The higher antimony babbitts are used In heavy machinery, as 
they are harder, while thoee tow in antimony are used In high speed 
machinery. The steady increase In speed ai which various operating 
unlta are maintained Is responsible for a wide deSclency In this Oeia 
In the duty performed by the bearing metal. The chief difficulty to- 
day In the operation of the modern turbine la undoubtedly the main- 
tenance of satisfactory bearing surfaces. Soft babbitts have never 
Bufflclent strength to sustain the weight and shock of heavy machinery 
bearings and can only be used as liners. The tendency to increase tn 
speed as well as weight or size of machinery is limited to-day simply 
by the satisfactory operation of the bearing metal Itself. 

Undaubtedly, In in ves ligations In this field, sufficient attention has 
not been paid to the effect of temperature on the bearing properties 
of the alloys used for these bearings. More rigid investigation in this 
Held and limitations In regard to the temperatures permissible, with 
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means for maintaining these within talrly close UmltB, will undoubtedly 
result In a great Increaee in the poesliiltlty of Improvements In speed 
and weight of various types of machinery. More or lesa extensive 
experiments along these lines are being conducted In regard to tbe 
bearings used in turbine construction, since tbe speed here has ren- 
dered tbe problem an acute one and is necessary for efficient operation 
of tbe turbine Itself. 

The accompanying table will doubtless prove Interesting as showing 
the various constituents of the more or less common bearing metals 
now on the market. Tbe original babbitt metals were very expensive 
materials, on account of the proportions of the more expensive metals 
found In them, and have been much modified in actual practice. A 
wide deviation in tbe composition of babbitt Is readily shown in tbe 
first part ot the table. The first babbitt Is a fairly good alloy for high 
speed machinery, but is not very hard. Its melting point is about 500 
degrees F.; in fact, the properties of all allows or bearing metals can 
be very widely deduced from their melting point. The second babbitt 
Is somewhat harder and melts at a higher point. Both of these are 
used largely (or lining purposes. Tbe fourth babbitt is used very 
widely for heavy machinery. All of the babbitts mentioned have been 
fairly successful. 

Babbitt S has good wearing properties, but cannot be used for high 
speeds. Most of the other metals Included in the table where copper 
Is not used in excess can be regarded as in tbe same class as babbitts. 
The "while" class has a fairly good electrical conductivity, much 
greater than that of ordinary babbitt, and Is used in the bearings of 
generators, motors, electric cars, etc. A rather interesting thing about 
the alloys containing sodium Is based upon tbe (act that sodium by 
oxidation produces a material which will saponify with tbe oil used 
In the bearing and produce soap, thus assisting lubrication. The ex- 
tent and amount of such action is scarcely as yet understood, and 
practically no experiments have been made with this investigation In 
view. Possibilities along this line, however, are great, not only for 
this particular alloy, but for many others not as yet considered. 

The other alloys Included in the table consist to a very great extent 
of copper, tin, and lead, and usually have a thin liner of lead or some 
soft Dsbbltt, and hence wear much better than an entire bearing ot 
the soft babbitt. The tendency to wear decreases with increase of lead 
and increase of tin. Increase ot lead, of course, affects the frictlonal 
quantities of the alloy and hence its beating properties. A certain 
amount ot other metal, however, is necessary to Keep the lead from 
separating from the copper. A study of the table itself, with a knowl- 
edge of the various properties ot the metals themselves, will show 
conclusively the bearing properties of the different alloys. Pure copper 
is BO tenacious that It Is practically impossible to work it with any 
tools whatever without preliminary treatment, and this same property 
extends Into and Infiuences Its bearing properties. 

Tbe structure and treatment has more to do with the production of 
Bltable bearing alloy than Is generally considered. Tbe tensile 
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strength of solder and, in fact, all alloys, decreases very greatly with 
the pressure or tension at the time of solidification, and In general the 
cooling process, and the Influence on tempering, afCect the structure 
and consequently compresslonal resistance to a much greater extent 
than Is generally considered. The same properties which Influence 
the hardening and tempering of steel by heat, extend to a greater or 
less degree to all metals and are much more pronounced In alloys 
than In the simple elements. 

Sufficient has been said to show the Importance of the bearing metals 
in machine design to-day, and to give a brief outline of the situation 
In regard to the character and type of the metals available, with a 
few of the properties of the same. The possible combinations of alloys 
for this purpose are vefy great Ck>mparatlvely little progress has been 
made along investigations covering all possible alloys of difCerent ma- 
terials in different proportions. The recent introduction and placing 

OOMPOaiTION OP BBONZBS 

White Metal: Parts. 

Tin 7.6 

Copper 2.3 

Zinc 83.3 

Antimony 3.8 

Lead 8.0 

Hfurd bronze for Piston Rings: 

Tin 22.0 

Ck>pper 78.0 

Bearings — ^Wearing Surfaces, etc.: 

Copper 6 

Tin 1 

Zinc % 

Naval Brass: 

Copper 62.0 

Tin 1.0 

Zinc 37.0 

Brazing Metal: 

Copper 85.0 

Zinc 16.0 

Anti-friction Metal: 

Copper — (best refined) 3.7 

Banca tin 88.8 

Regulus of antimony 7.5 

Well fiuxed with borax and rosin in mixing. 

Bearing Metal — (Pennsylvania Railroad) : 

Copper 77.0 

Tin 8.0 

Lead 15.0 

on the market of a large number of metals, such as calcium, etc., very 
common In nature, and ultimately bound to be furnished at a very low 
rate, and many of them possessing very suitable properties for bear- 
ing allo3rs, is undoubtedly bound to Influence the situation; and various 
engineering devices, such as the steel grid, recently developed, will 
undoubtedly receive attention in the immediate future with consequent 
increase in efficiency in this field. The development is but at its incep- 
tion along this line, and standardization of the alloys at hand should 
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V at DDce inalated upon and tnalDtalced by the various mBcblne 
inufacturerB. This latter ifl the chief difHculty to-day in commercial 
deTelopment. The scientific end wilt largely titke care ct itself. The 
effect of different metals upon alloys by their presence in varloua pro- 
portions can be foretold to-day largely from theoretical considerations; 
but that the commercial eltuation to-day. however, is uaaat iff actor y, !s 
a foregone conclusion. 

The table on the preceding page, giving the composltiop of bronzes 
used by the U. S. Navy Department, was contributed to Jl.\CHisEBY'a 
Data Sheets by Mr. F. W. Armes, and 1b reproduced from Data Sheet 
No. 31, April, 1904. 
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Important article. In the Journal of the Franklin Institute for 
July, 1903, Mr. G. H. Clamer discussed the advanUgea and disadvan- 
tages of various coraposltlona and alloys for bearings, and especially 
alloys for railway Journal brasses. He also quoted the results of many 
tests on various compositions made on an Olsen testing machine de- 
signed hy Prof. Carpenter of Cornell University. The present chapter 
is devoted to an abstract of Mr. Clamer's article, and contains all the 
most Important features of hla dlBcussion on a subject on which not 
so much is generally known as would be desirable. 

Upon close examination we find Chat there are but few metals avail- 
able for bearings. As mentioned in the previous chapter, they are 
copper, tin, lead, zinc and antimony. While other metals may be intro- 
duced in greater or less proportioas, the Ave mentioned must constitute 
the basis for the so-called anti-friction al)D3-s. The combinations of 
these metals now used may be grouped under the two heada of white 
metal and bronze. Bronze is the term which was originally applied 
to alloys of copper and tin as distinguished from alloys of copper and 
aloe; but gradually the term "bronze" has become applied to nearly 
copper alloys cootalnlng not only tin, but lead, zinc, etc., and no 
IP lines of demarcation exist between the two. 

Principal Hequiromenta or Bearlns Metala 

iltA metala are made up of various comhlnatlons of lead, antl- 

Bw*! tin, copper and zinc, and may contain as few as two elements, 

fjll Bve. Bronzes are made up of combinations of copper, tin. lead 

i zinc, all of tbcni cunlalnlng copper and one or more of the other 

ijmenta. The cHBential characteristics to be considered in any alloy 

JOT bearings are composition, structure, friction, temperature of run- 
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ning, wear on bearing, wear en Journal, pompreaalve atrength. and coit. 
It Is uUerl}' impoEslblc to have one alloy reacli Ihe pinnacle □( per- 
fectlon In all of tliese requirements, and so It la Important to study 
the possible compositions and determine for ivhat purpose each Is 
adapted. It bas been sbown that a bearing should be made up of at 
least two structural elements, one hard constituent to support the load, 
and one soft conEtUuent to act as a plastic support tor tbe harder 
grains. Generally speaking, the harder the aurCaces In contact, the 
lower the coefficient of [rietlon and the higher tbe pressure under 
which ■■grlpment" takes place. It would seem for this reason that 
the harder tbe alloy the better; and it was with this idea In mind that 
the alloys of copper and tin were so extensively used in the early days 
of railroading. A bard, unyielding alloy for successCul operation must, 
however, be In perfect adjustment, a state of affairs unattainable In 
the operation of rolling stock. For this reason the lead-lined bearing 
was Introduced and tbe practice of lining bearings has now become 
almost universal Id this country. 

Qeneral Comparison between Bard and Soft 
Alloys for Bearings 

While the harder the metals in contact the leas the friction, there 
will also be tbe greater liability of heating, because of the lack of plas- 
ticity, or ability lo mold Itself to conform to the shape of the Journal. 
A hard, unyielding metai will cause tbe concentration of the load upon 
a tew high spots, and so cause an abnormal pressure per square Inch 
OD such areas, and produce rapid abrasion and heating. 

The bronzes will, generally speaking, operate with less heat than 
■ofter compositions, while the softer metals will wear longer than tbe 
harder metals. In, tbe matter of wear of journal, however, tbe soft 
metals are more destructive. Particles of grit and steel seem to be- 
came imbedded In the softer metal, causing It to act upon the harder 
metal of the Journal like a lap. High-priced compositions are being 
used that have but little resistance to wear compared with cheaper 
composittoDS. and low-priced alloys are In service that are not cheap 
at any price, it Is generally conceded that sort metal bearings cause a 
marked decrease In the life of tbe Journal, and yet they have many 
marked advantages, as we shall presently see. 

Alloys Coatalnlnjr Antimony 

1. Lead ond Anlimonti: These metais will alloy In any proportion. 
Willi Increase In antimony the alloy becomes harder and more brittle. 
It has been determined that when it is made of 13 parts antimony 
and S7 parts lead, tbe composition will be of homogeneous structure. 
If there la a greater proportion of antimony, free crystals of antimony 
appear. Imbedded In tbe composition; and ir less than 13 per cent, 
there appear to be grains of the mixture Itself Imbedded in tbe lead 
as the body subatajice. 

According to one writer, an an tl- friction a 1 alloy should consist of 
hard grains, to carry the load, which are Imbedded In a matrix of 
plastic material, to enable It to mold Itself to the Journal without undue 
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beating. Sucb a conditlcn would be met In a lead and antimony ailoy 
bavins above 13 per cent antimony, but It la not advisable to use In 
any case more tban 25 per cent antimony, as the compoeitlon would be 
too brittle. Tbe same writer claims that alloys bavins from 15 to 25 
per cent antimony are tbe best adapted [or bearings. 

Mr. Clamer, however, does not agree with thla, and says iliat alloys 
containing below 13 per cent antimony can ItltewiBe be said to coaslat 
of bard grains consisting ot tbe compoaition ICeell!. imbedded In the 
softer material, lead, as mentinned above. He says: "It has been my 
experience that, although the friction may be higher in euch alloys, 
the wear is greatly diminished, and where pressures are light, causing 
no deformation, this is a great advantage. I have seen many instances 
in service where alloys between 15 per cent and 25 per cent were 
greatly interior to alloys between S per cent and 12 per ceat. owing to 
their frequent renewal due to wear. It will perhaps be interesting to 
bear that tbe Pennsylvania Rallroail Company, at the suggestion of 
Dr. Dudley, their chemist, have adopted the 13 per cent antlmonlal 
lead alloy as a Qlling metal for bearings in order to obtain tbe best 
results. In a general way ray own work in the subject has confirmed 
tbe opinion that lead Is the best wear- resisting metal iinown. and 
that with increasiag antimony, or Increasing hardness and brittleness, 
the wear becomes more raarlted. This is due to tbe splitting up of 
the harder particles." 

The friction, as we may naturally expect, becomes less with Increaae 
ot anlimotiy, and the temperature of runninE likewise diminished when 
running under normal conditions; but the harder the alloy, the more 
difficulty la experienced In bringing it primarily to a perfect bearing, 
and the greater the Uahlllty or heating through aggravated conditions. 
The wear on the journal one would naturally espect to he decreased 
with increasing hardness; but this Journal wear is in all probability 
sot due Eo much to the alloy directly as it is to the fact that the softer 
metals collect grit, principally from the small particles of steel from 
the worn Journal, and, acting aa a lap. cause rapid wear With tbe 
barder metals these particles are worHed out without becoming Im- 
id. 

B coat of tbe lead and aattmony alloy Is the least which can be 
iced. It can be used in many services where higher priced alloys 
being relied upon mainly for their high cost. It Is one of the 
tt«8t estravagancea of large Industrial establishments to use ma- 
lls that are too good tor certain uses, and even perhaps unsuited, 
I ^er the aupposilion that they must be good because they paid a good 
5 for them. This fact has no greater exemplification than In the 
rcbase of babbitt metal, and Is due to the great uncertainty wblch 
I, not only among consumers, but among manufacturers, many of 
1 carry on their business much the same as the patent-medicine 
■nan. 

\ead, Antimon;/, and Tin: It should not be assumed that antf- 
l8 the cheapest alloy to use under all circumstances; not no. 
b pressures are to be encountered, tin la a very desirable 
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adlunct. Tin imparls to the lead-antlinaDy alloy Tlsldltj and hard- 
ness withoul increasing brlttleneBS, and can produce alloys of sufficient 
compressive strength for nearly all uses. The structure ot a triple 
alloy of this nature is quite complicated, and not yet aufflclently defined. 
The coet of tlie alloy increaaea n-itb increase of tin; but tor certain 
uses, where Bufllclent compressive strength cannot be gotten by anti- 
mony, because of its accompanying brittleness. It la indispensable, and 
will aaFwer In nearly every case where the tin basis babbitts are used. 

3. Tin and Antimonj/: These are seldom used alone as bearing 
alloys, but are extensively used for so-called Brlttanla ware, and in 
equal proportions for valve seats, etc, 

4. Tin, Antimonti. and Copper: This combination Is what Is fenown 
ae genuine babbitt, after Us Inventor. Isaac Babbitt, who presumably 
was the first man lo conceive the idea of lining bearings with fusible 
metal. The formula, which for no arbitrary reason he recommended, 
ts aa follows: 

Tin Sa.l 

Antimony 1.4 

Copper 3.7 

This formula ts sllU considered the standard of excellence In the 
trade, and has been adopted by many of the leading railroads, the 
United States Government, and many inoiistrlal establish men ts. It is 
used in the majority of cases where cheaper composition would do 
equally aa welt. It Is the most coatlj cr all bearlnc alloys because ot 
the high content ot tin. 

5. TtnSntimonii-L<:ad-Copper: This quadruple combination of metals 
cannot tw satisfactorily described, as It would no doubt tabe years 
of study to fathom the complicity of the metallic combinations here 
represented. Suffice it to say that lead, although of itself a soft metal, 
renders this alloy, when added in but small proportions, harder, stifler, 
more easily melted and superior in every way to the alloy without It, 
and ret consumers will raise their hands In horror when a trlQing 
percentage of lead Is found In their genuine babbitt. This Is one 
of the Instances where cheapening of the product Is beneficial. 

Tha foregoing represents the more important combinations of alloys 
of tin and lead basis. These are of far more importance in the arts 
Uian the white metals, the main portion or basis of which Is zinc. 

At various times new combinations of zinc have been proposed, but. 
with very few eiceptlons, they have not come Into popular use lor 
two reasons: First, because of the great tendency of zinc to adhere to 
Iron when even slightly heated. What Is technically known as gal- 
vanizing the Journal is eCecIed under these conditions. Second, be- 
e of the brittleneas produced under the effects of heat, such as Is 
produced by friction when lubrication la interfered with, and ( 
quent danger of breakage. 

Bronse la the term which oriefnally was applied to alloys of copper 
and tin as dlstligulshed from alloys of copper and zinc. 
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I. Copper and Tin : This, accordtQE to our general conception ot tbe 
word, !a a bronze only when the copper content exceeds that of the 
tin. According to tbe proportions la wblcli the tnetals exist, It bas 
widely different properties. In general, the alloy hardens when tin Is 
present up to proportions ot 30 per cent or a little over, and when thla 
limit is exceeded, it takes on more and more the nature of tin until 
pure tin Is reached. From a sclentlflc point of view this alloy Is 
one <jt tbe most Interesting, and has attracted the attention of many 
Investigators, who have spent years ot study on It, to learn Ua various 
properties and explain its constitution. 

The alloys which interest us most, however, are those which are so 
constituted as to l>e adapted Tor bearing purposes. These would be 
said to contain rrom 3 to 15 per cent tin, and Irom 85 to a7 per cent 
copper. The alloy of tin containing a small percentage of copper Is 
often used as a babbitt metal, but this comes under the class of white 
metals, which have already been dlHcuased. Bronze containing a 
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IE per cent of tin has been recommended at various times for bearings, 
owing to Its hardness, but very unwisely, for such a bearing demands 
mechanical perfection and perfect lubrication. It has no plasticity of 
Its own. and as soon as the oil Dim Is interrupted, rapid abrasion and 
"gripmenl" take place, with hot boxes as the result. The very erro- 
neous Idea Is Still held by many, that to resist wear and run with the 
least possible friction, a bearing alloy must be as hard as possible. It 
Is tnio that hard bodies In contact move with less friction than soft 
ones; but the alloy which Is the least liable to heat and cause trouble is 
the one which will stand the greatest amount ot tU use: by this Is 
meant an alloy which has sufflclent plasticity to adapt itself to tbe 
trregularltles of service without undue wear. 

a alloys of copper and tin were used extensively some twenty or 

renty-flve years ago. and were considered the standard for railroad 

I A machinery bearings. The old alloy, known as "Cannon Bronze," 

IttBlnlng 7 parts copper and t part tin. Is still being specified by some 

1^ « nn progressive railroad men and machinery builders. 

. Copper, Tin. and Lead: This composition Is now the recognized 
ndard bearing bronze, lis advantage over the bl-compound coming 
m the introduction of lead. The bronze coiitalnlng lead is leaa liable 
heat under the same state of lubrication, etc., and the rate of wear 
*' vucb diminished. For these reasons and the additional fact that 
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lead Is cheaper than tla, It eeems dealrablp to produce a bearing metal 
wllb as much lead and as little tla ae posstble. The metal kDown as 
Ex. B- compoaltlon (tin 7 per cent, lead 15 per cent, copper 78 per cent) 
it Gtaled to be the best Ibat can be devised. This alio; contains the 
imallest quantity or tin that wilt hold the lead alloyed ^Ith the 
copper. By adding a Email percentage ol nickel, however, to the extent 
ol one-half to 1 per cent, a larger proportion of lead may be used, and 
(uecesBful bronzes have been made by tlila process, whlcb contained 
SB much as 30 per cent lead. Such bronzes, containing a large amount 
at lead, through tOe addition of nickel, are known in the trade aa 
"PlaHilc Bronzes" and are a regular commercial article. The table on 
page 44 gives the results ol tests on diOerent compositions at bronzes. 



CHAPTER VII 



FRICTION OF ROLLER BEAEINGS" 

During ihe years ISO-l-OS a series of (esis on roller t>earlnga waa 
conducted at the Case School of Applied Science, Cleveland. A completa 
report ot these tests was published by Frotessor C. H. Bpnjamln In 
tha October, ia05. issue of MACut.NEaY. of which the follavxlng la an 
alMtract An attempt was made tn these experiments to compare roller 
bearings ^Ith plain eaat iron bearings and with babbitted bearings 
under similar conditions. Four sizes of bearings were used In the 
teats, measuring respectively 115-16, 23-16, 27-16 and 215-16 Inches 
In diameter. The lengths or journals were four times the diameters. 

The bearings were in two parts and were held In a circular yoke by 
wtscrewa. This yoke carried two vertical spindles, one above and one 
below, on which were placed the weights for loading the bearings. 
The friction waa measured either by the dedectioa of the compound 
pendulum thus formed, or, as In most of the experiments, by weigh- 
ing Its tendency to deflect by means ot an attached cord running over 
a pulley and carrying a scale pan, as shown In Fig. 19. The shafts 
or Journals used were of ordinary machinery steel, carefully turned to 
■ize and having a smooth finish. These shafts were rotated at the 
ipeeds shown by means ot a belt and pulley. The cast-iron bearings 
used for comparison were cast whole and bored to size, but the bab- 
bitted ones were In halves and were held the same as the roller bear- 
inga. 

In beginning an experiment, a pointer on the lower end of the pen- 
dulum waa brought to a ^ero mark vertically beneath the center of the 
shaft by adjusting the screws In the yoke. After the shaft began to 



revolve the painter was beld to tbe zero mark by putting weights on 
the Bcsle pan. The product of the force thus applied to the pendulum 
by the distance of the point of application from the center of ehaft 
gave the moment of friction, and dividing this hy the radius of Jour- 
nal gave the friction at the surface of tbe Journal. Dividing this again 
by the total weight on the Journal gave the coefficient of friction. 




In the Qrst set of experiments Hjratt roller bearings were compared 
with plain cast Iron sleeves at a uniform speed of 480 revolutions per 
minute, and under loads varying from 64 to 264 pounds. The cast 
iron bearings were thoroughly and copiously oiled, tbe lubrication be- 
ing rather better than would he the case In ordinary practice. Table 
t shows tbe results of the test on one bearing In detail, and from this 
It is seen that the value of /, the coefficient of friction, diminishes as 



ROLLER BEARINGS 

tbe load iocreases, or In other words, the friction did not Increase 
as laet aa the load. Tbte holds true as a. general rule In all the roller 
bearings, but not generally In the plain bearings, either cast iron or 
babbitt 

Table 11 gives a summary a! this series of experiments for the 
different sizes of Journals, the different loads being the same as In 
Table I. The relatWely high values of / in the 3 3/16 and 2 15/16 roller 
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hearings were due to the snugnesa of the Qt between the Journal and 
the bearing, and show the advisability of aa easy a fit as in ordinary 
bearings. 

The same Hyatt bearings were used la the second set of esperiments, 
but were compared with the McKeel aoUd roller bearings and with 
plain babbitted bearings freely oiled. The McKeel bearings contained 
rolls turned from solid steel and guided by spherical ends fitting re- 
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cesses In cage rings at each end. The cage rings were Joined to each 
other by steel rods parallel to the rolls. The same apparatus was 
used as in the former testa, but heavier loads were used and the ma- 
chine was run at a slightly higher speed. Table III shows the detailed 
results of experiments on one size of journal, and Is similar to Table I. 
The last value given for the Hyatt bearing shows distortion of the 
toller due to the load and Indicates the limit for this size. This la 
omitted In getting the averages. There Is the same indication as In 
Table I of a decrease of / with locrease of load, and this waa noticed 
In all the tests. The results for the babbitt metal are not as uni- 
form aa the others on account of the diffleulty of balancing. 



« No. II— BEARINGS 

Under a load of !15S.:i pounds the aolld roller bearing eboved I 
end tbnist ot aMut ZO riounds, nb[i:1i would account tor the dltterene^^ 
In rrlctton between that and the Hyatt. Table IV gives a Bumman' 
ot the testa In this series and To&y be compared n-ith Table II, The 
relatively high values for the Hyatt 2 7'16 bearing must be due to a 
Blight cramping of the rolls due to too close a fit, as was noted In s 
ot the former experlmenis. Under a load of 470 pounds, the Byi 
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bearings develoiiod an end thrust of 13.5 pounds and tbe McKeel t 
of 11 pounds. This end thrust is due to a slight skewing of the ro]] 
and would vary, sometimea oven reversing In direction. 

The babbitt bearing Is a slight Improvement over the cast-iron flI«M 
but the difference is quite as apt to be due to improved lubricatlo 
(Notice the variation in the averages for the various slies In Table r 

In conclusion it may be said that the friction of the roller bearl^ 
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Is shown to be from one-flfth to one-third that of a plain bearing at 
moderate toads and speeds. It la also noticeable that as the load on a 
roller bearing Increases tbe coefficient of friction decreases. It was 
found by the experimenters that a alight change In the pressure doe 
to the adjusting nuta was eufllctent to increase the friction consider- 
*bly. In the McKeel bearing the rolls bore on a caat-iron sleeve and 
In the Hyatt on a soft steel one. If roller bearings are properly a.5- 
JtiBted and not overloaded, a saving of from 2/3 to 3/4 of tbe friction 
^9uif be reasonably expected. 
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MACHINERY SHAFTING* 

At first thought it seems as if a Ltiapler upon iliis subject should 
tie iirefaced with an apology. Undoutitedly shafiicg bas been the sub- 
ject of as much discussion as anything mechanical, and tlie ruies laid 
down for mill shafting are so well founded as to be available under all 
circumstances, and so widely known as lo require no (IIscubhIod. When 
It comes lo machinery sbafts, however, we have the ordlDary rules for 
twisting and bending momenls, and tor the iwo combined, but we 
often find complicated combinations of loading needing investigation. 
and we Und little or nothing in the text books about the present prac- 
tice followed in fltting up machinery shafting. 

In discussing the subject let us first take ugi brledy the three general 
priaclples governlog shafting: simple Cwlstiog momenta, simple bend- 
ing moments, and combined twisting and bending moments. 

When there is no bending moment the shaft may be designed for a 
simple twisting moment, and we have: 

y = -,I-/;d= (1) 

Iti N 0.196/ 

Id which r=:the twisting moment in Inch-poundB. 
d = the diameter of the shaft. 
/:^the fiber stress In pounds per square inch. 

Table I gives the value of — d' for different diameters of shaft, and 



^=: constant In table. 
/ 

Erample: A shaft la to sustain a twisting moment of 120.000 Inch- 
pounds, the fiber stress being 16,000 pounds per square Inch. Required, 
the diameter of the shaft. 

120.000 

16,000 
The nearest constant In the table, above 7.5 Is 7.56. the diameter cor- 
reeponding to which is 3% Inches, which is the diameter of the re- 
quired shaft 

A form of shafting frequently found In machinery Is the stationary 
shaft, upon which certain heavy parts revolve, the shaft remaining 
siailonary in the bearings, while the revolving pieces are usually 
brass bushed. Such shafts are often called pins, and being required 
lo truiBinlt no twisting moment, may be proportioned for a simple 
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MACHINERY SHAFTING 

liendlng momem. Equating ihe b(?udlng 
reslsiauce for & round eecIioD we have, 

af=— d'/=o.o98(i'/; 



Table II gives values ot — for various dlametere of shafts. 



BxampU-: A pin Ib to lake a beud 
at 16.000 pounds per square inth fiber isti 
the pin. 

6f).000 



16,000 
The nearcBt coostant to 4.06 in the table \s 4,06. 
dtamet^r being 3 7/16 lochee. 



of 65.000 inch-poimds 
i. Required, diameter of 
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When a revolving shaft through which power Is IraDstnilted. carries 
gears, drums or other devices, it is subject to both bending and twist- 
ing uomenls, and a calculation by either of the previous tables Ignoring 



Ifae other wlil result In a weak shaft. We may, howi 
for the simple iwlstlng moment 7" a greater twisting 
will be the equivalent of the combined twisting 
Ing moment M, 

This equivalent twisting moment Is 

T, = !d + sJ M' -k-T" 

The diameter of shaft suitable for the combined 
may be fouod by substituting 7*1 tor T In equation (1), 
may he more eonveniently used In the following form. 

Af 

— ^fc, and » = nd, 



where D^=thB diameter of shaft for combined 
rf^the diameter ot shaft tor simple twisting 



substitute 
r„ which 



T and Af, 

This formula 
Letting the 
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Table IV gives values of n for various values of k. 

Example: Suppose the shafts of the two previous examples are one, 
that Is, a Bbatt subjected to a twisting moment of 120,000 Inch-pouods, 
and a bending moment of GEi.OOO Inch-pounds. Required, the diameter 
of the shaft, with the fiber stress at 16,000 pounds per square inch as 
betore. 

65,000 

fc = = 0.54. 

120,000 
The nearest corresponding value of n is I.IT. 

The diameter d for a twisting moment of 120,000 lach-pouuds found 
In the first example Is 3% incbee. 

D = 3.375 X 1.17 = 3.94 Inches, sa; a 4-lDch shaft. 

A comparison of the three examples will show the Importance of con- 
sidering hoth the bending and twisting moments upon any shaft that 
la subject to hoth actions. 

Gears, drums and other detail parts are so distributed upon shafting 




KKhbHnhl'T. 



as to cause combined strains, and the maximum Qber stress resulting 
therefrom must be determined. A simple case is that of two gears 
between bearings, Fig, 1, the large and small gear respectively carry- 
lug loads P and p. the loads acting In the same direction. Connect P 
and p by a line cutting the axis at 6. ' 

Since the shaft must be In equilibrium, we have p X da==P x e<\ and 



By the law of similar triangles. 



and substituting wp have. 



P bd 
and, consequently, p x 6(J=:P X c6. 
The reaction at h is then p + p = W. 
W.IB 

and the bending moment is M ^= . 



MACHINERY SHAFTING 
The torsional moment ia, 



Another case of combined strains is shown fn Figs. 2 and 3, ivbere 
Fig. 2 shows an elevation, and Fig. 3, diagrammatical end views. In 




thts example a gear under load P drives two pinions each under load 
p. First consider case A where all loads are In the same direction. 
Draw the l>endiiig moment diagram B-6-B (or load P. also the diagram 

MP I 




OMi-a-a (or loads p. It is obvious, since the loads are on opposite sides 
of the bearing, that the bending moments will oppose each other, and 
the abaded portion of the diagram represenls Ihe algebraic sum of 
the two moment diagrams. Any ordinate ot the shaded portion is the 
bending moment o( the corresponding point of the shaft. 
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In case B tlie loads are not In the same direction. To And tbe 
moment at anjr given point on the shaft It la necessary to lay off sep- 
arately, in the direirtion o( each force, the bending moment ordinate 
tor that force, as MP ^ eb, and Mp = bo, and take the resultant ifR 
aa the bending moment at the given point. This method may be 
extended to all forma of loading, aa Illustrated In the following ex- 
amples: 

Example: A shaft. Fig, 4, carrying a gear loaded to 2,140 pounds 
tooth load drives two pinions, each under 1.925 pounds tooth load. 
Required, tbe size of tbe shaft suitable tor the given dimensions, the 
fiber stress being 9,000 pounds per square inch. 




= 1,925 X 3,6^6,930 inch-pounds, 
= 1,925 X 4 = 7,700 inch-pounds, 

2,140 X 93 X 4 
= ■ ^8,200 inch-pounds. 



.WK = 11,248 Inch-pounds. 



responding value of n being 1 



; 9,000 

From Tabip I, nf values for twisting momenta, we find the nearest 
constant above ii.TT is 0.842 for a ISfi-lnch shaft. Then 1.623 X 1.51 = 
2.4."> Inches tor (he required diameter of the shaft. 

In all such cases as the above example, in which a shaft is sup- 
ported ujion channels or other unsymmelrleal supports, the bending 
moment must be calculated to the center of gravity of the supporting 
member, 

Eramvir: In Fig, 5 we have a drum shaft of given dimensions and 
following conditions: Drum loose on shaft and bushed: weight of 
drum 500 pounds: two ropes leading from drum, each under 3.750 
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pounds load: weight of gear, 250 pounds; looth load on drum gear hori- 
Eonlal; rope loads vertical; fiber stress to be 10,000 pounds per square 
Inch. Resolving all loads to the heavier loaded Journal we bavc: 
6,226 X 24 

- = 4,980 pounds horizontal load, 



= 2,125 pounda, rope c 



30 
3.750 X IT 


30 
3,750 X * 


30 
250 X 24 



500 pounds, rope d. 



= 200 pounds, weight of gear, 



260 pounds, weight of drum, 



Total ^3,075 pounds vertical load. 




FlH. O 



The resultant ot the horizontal and vertical toads on A is j.So'l pounds. 
Then Jf = 5,852 x 4.6 = 26,919 Inch-pounda. 
V 26,919 

— = = 2.69 

/ 10.000 

In Table il, of values from simple bending moments, the nearest 
constant is 2.7 for a 3-Inch shaft. 

Fig. 6 shows a common arrangement of drum end gear, in which a 
Is the center of gravity of the rope loads P. Where there are iwo 
ropes on the drum, the position of o is constant, while for one rope 
the position of a varies aloufi the drum, and for the latter case several 
solutions should be made with varying iiosltlons ot a. The load Is sup- 
ported upon three points, the journals A and B and the gear teeth at 
O. The load P puts a downward load uiion each journal A and B. and 
Is divided proportionally between them. In the figure a is central, so 
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the loads upon A aad B are equal, and are P/2; the upward load p at 
C iB divided proportionally between A and B; thus we have: 



Load at i = 

L 
Cn 

Load at B = 

L 

Loads at A and B = 



— , downward loads. 



The algebraic sum ol the two loads upon both Journals glTea the 
amount and direction of the resultant load on the Journal, Draw BC. 
and produce Ca to cut AB at d. We thus represent the load F aa 




eccentrlcall]' supported upon a beam BC. at an arm ab, and prevented 
Irom rotating about BC as an axis by the reaction of journal A acting 
at an arm be. We thus have 






The condition of loading at Journal A Is seen from the position of 
point d. which, lying beyond B as in tbe figure, indicates an upward 
load at A, lying on B indicates no load at A. and lying tietween A and 
B Indicates a downward load at A, the weight of the drum and gear 
being neglected. 

Fig. 7 shows the same arrangement with the pinion on the opposite 
side from a. and this case Is analogous to that shown in Fig. 1. 
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A abaft requIrlDg special Investigation In certain classes of ma- 
chines, as cranes, turntables and other revolving machines, Is that 
effecting the slewing or turning In a horizontal plane. Fig. 8 repre- 
sents the diagram of a common slewing mechanism for a crane, in 
which 

A^the center pin, column or mast, 




B = a large circular rack, coni 
C^A pinion mounted upon e 

rack B, 
IV ^ the load In pounds. 



entrlc with A. 
vertical shatt, and meshing with the 




K = the radius of the boom In feet, 

r=:tbe radius of the circle described by the slewing shaft. 
a^the radius of the pinion C. 
n^the number of revolutions per minute of the crane, 

2xRii 
y = the velocity of the load IV in feet per second = , 
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*== 0.01 R' n^ 

fi^ = space in feet in which full velocity is to be obtained, 
^ = force in pounds acquired by the load W, 
F^= force in pounds on the slewing shaft. 
g = acceleration = 32.2. 



Energy = 


WV^ 


.F8 


2(y 


p — 


wv- 




. 2gS 


64.4 fif 




iinrtoi* nf o 


fiirn —— , 


2tR 



Then, 

WV W V' 

(2) 



= 1.57 R, and subati- 
4 

tuting the values of 8 and FMn (2) we have, 

F = 0.0001 72 Wn« 
Now 

F R 0.0001 R^ W 11= 

F,= 



r 4- a r 4- a 

The twisting moment on the slewing shaft then is 

0.0001 i?=Ww= a 

T = F^a = (3) 

r -\- a 

It 
Substituting in (3) the value — (V f for T. and assuming /=: 10.000 

16 

pounds per square Inch, we have 

IT 0.0001 R- W n- a 

— (/'/ = 



16 r + a 

0.00000005 R^'Wn-a 



d' = 



r + a 



= Jo.( 



R-n^ 

.00000005 W a 

r -]- a 

R- li- 
lt we assume 0.00000005 = 7j. we may write the last formula 

r -{- a 

(l=f^TWa (4) 

R^ 

Table III gives values of h for various values of the ratio 



r-f a 

and w. assuming /= 10,000 pounds per square inch. For /== 12.000, 
multiply the values by 0.833, and for / = 16,000, multiply by 0.625. 

The pinion C may be either overhung, or mounted between bearings, 
as shown respectively in Fig. 9 and Fig. 10. The values of k are as 
follows : 
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Overhungr Shaft, Figr. 9 
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The bending moment 

and the twisting moment 

T = 
and 



0.0001 R' W n- L 
r -{- a 

0.0001 R- W n* a 
r -f a 



M L 

T a 
Shaft between Bearings, Fig. 10 

The bending moment 

F, L 0.0001 R'Wn-L 



M = = 

9 



2 ir + a) 









"MMX. 



Fl«. 9 

and the twisting moment 



Fig. 10 



T = 



0.0001 R'Wn' a 



r -\- a 



and 



M L 

T 2a 

In taking the values of W and R, not only the load and the radius 
of the boom must be considered, but also the weight and radius of 
such heavy parts of the machinery as may revolve with the crane, in 
each case resolving the turning moment of such parts about the center 
pin or mast, to the radius R. 

Example: Fig. 11 represents a steam crane, the letters correspond- 
ing to those of Fig. 8, while the dimensions and weights given are 
those of a particular crane having a capacity of ten tons at a radius 
of sixteen feet, the pinion C meshing into an internal spur rack in the 
foundation and being driven by bevel gears as shown. Required, the 
diameter of the vertical shaft, / being 12,000 pounds per square inch. 
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The load at 16 feet radius = 20.000 poundjj 

The bloch at 16 feet rsdliia ^ 435 

Tlie jib weighs 3,000 poUDds, Us center of gravity being 
at a radius of lt^i> teel, resolved to a radius of 16 
:(,000 X 11.5 

feet = = 2,156 

16 
The boiler and exienslon weigh 11.855 pouuds at a center 
of gravity radius of 8^ feet, resolved to a radius of 
11,855 X S.5 

16 feet = — - — — = 6,297 

16 
The machinery and side frames weigh 21.S00 pounds, at 
a radius of 2 feet, resolved to a radius of 16 feet = 
21.800 X 2 

= 2,725 

16 

Tolal load aasumeii at a radius of 16 feet = 31.613 pound! 

n = 18 feet, r := 2 feet, and a =; 9 inches; coasequently. 



li" 



IC 



= 93, 



Opijoslte 90 and under n := :] In Table III. 3 being the required r 

lutlons per minute of the crane In question, the value of h Is 0,000040( 

and for %3 the value of h would consequently be about 0,000043. bhI 

since the stress per square lni4 Is 12,000 pounds, we have 

h = 0.000042 X 0,833 = 0.000035, 

From H) ne have 

il= 0.000036 > 



fori 



1.813 X 9 = 2,15 inches diameter. 

1 bearings, and L ^= fi Inches, ■ 



(i^2.l5 X I.I ^=2'S Inches, approximately ^; diameter of Bhaft required. 
When calculating the ske of shafting, (he drat thing of Importance 
to determine Is the length of the Journal, and once eHtabllelied, all 
bending moments should be taken to the center of the journal. Given 
the diameter, the length ot the journal depends upon three conditions: 
Bearing area, character of lubricant, and ability to carry off heat. 
Grease has bei'ome a mosi widely used lubricant for heavy machtneiT', 
possessing as it does sufficient body to enable the designer 1o use 
higher bearing values than with other lubricants without squeezing 
the lubricant from llie bearing. It has been found in practice that 
iimlt Ihe surface speed to ii.'iO feet per minute, and the bearing 
to 80 pounds per squai-e inch of projected area, produces, nlih gn 



'alusj^^^H 

'eas^^^^l 
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as a lubricant, a very satisfactory bearing, well within the limits of 
good performance as regards heating. 
Let d = the diameter of the shaft, 
/ = the length of the Journal, 
a = the projected area, = d X h 
W = total pounds pressure on Journal, 
R.P.M. = revolutions per minute of the shaft, 
Then the pressure per square inch is, 

WW {V 

— = = 80 pounds; d = ; 

a dxl 



The surface speed, in feet, is, 
IT d X R.P.M. 



= 350; 



12 



dz= 



12 X 350 



80/ 



1337 



V X R.P.M. R.P.M. 




'j*-t-9-y 



Fig. 11 



Equating these two values of d we have, 
W 1337 



W X R.P.M. 






80 1 R.P.M. 106,960 

and rounding oft the constant to a more convenient figure, we have 

W X R.P.M. 



/ = 



100,000 
Cases will arise, especially with heavily loaded slow running shafts, 
in which this rule gives a bearing altogether too short for practice, 
sometimes not allowing room for the stud bosses on the cap, and also 
having too high a bearing value, which should be kept below 1,000 
pounds per square inch. For shafts running about 80 R.P.M. or faster, 
the above rule gives excellent bearings, while for slower running 
shafts an investigation of the bearing value as well as the above rule 
at once determines the limiting length of the journal. 



IB 



.V^. , 
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Charl Fig. 14 will be found of great conveniem'e In determiolng the 
dlmensfona of Jmiraals. The examiile shown by the heav; line in I be 
iippfir portion of the chart, shon-s that a iournal under TOO pounds total 
pressure, and nmning 1,250 R.P.M. should he about S Inches long. This 
once determines the length of the Journal and leaves Ihe diameter 




10 be determined by rakulatlng the bending momenta to the center 
of the journal The *>Kample given in the lo<t.<-T part of the charl 
eho«8 that a journal 4 inrhes In diameter and s IneheB long under 
O.210 pounds total pressure will haie a bearing value of 163 pounds 
per square Inch of projected area 




A condition freiiuently mel with is that of a shaft forred by i 
Into one member, and revolting In another member, as In Fig. IZ 
The arm L is determined by laying off a distance c such that 

rength of the metal eoraposlng the sup- \ 

cxn " ■""" 
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and faking L as the illstance from the load P to tlie center at tUo 
strip <■. II Is excellent practice to provide slight ahoulders wherever 
pTacUi'aMe. against which to key the gears, thus localiDg gears deD- 
Dllel; for the asspnihllng workman. Fregiienily a heavily loaded jiln- 
!on (lemaDds a smaller shaft than the foregoing rules require. In order 
10 leavn sufficient metal over the key. This may be accomplished by 
making the diameter (I at the section a — b. Fig. 13. coincident with 
the diameter of a paraboloid drawn as shown, 

k most convenient solution uF this problem Is offered In Chart Fig 
to. which also solves at a glance all problems regarding shatt dtani- 




pters to nlthstand any combination of moments. The shaft shown at 
The toll la uot-ked out in the chart by following the dotted lines. The 
i^tiBft Is Biibjecl to a beudlug moment of 24T.-'iOn inch-pounds and a 
twisting moment of 16.^,,0UII inch-pounds, hence k = 1.5. and / ^ 9.000. 
Enter the chart at the left at lGr>,onii Inch-pounds and lolioiv dotted line 
lo Ibe / r= 9,000 line, Ihenee up to the fc ^ l.j line, thence over to the 
ngbt, and read diameter of required shaft on the scale. 6% Inches. It 
Is now rcqtiired to dnd the smalkst permissible diameter tor the end 
of Ihe shaft according to the dimensiona given. Fallow the line marked. 
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15 in the exireme left-hand column to first interaecilon with the Una ■ 
for 6% Inches from the scale at the bottom of the chart, thence diaeo- 
DRlly to the line marked 5^^ at the extreme left, thence «p, and read 
Ihe required diameter on the scale at the top, 4Tv inches. 
For shafts aubjeeted to simple bending or simple twiatlng t 




' the lines so marked instead of the A- line 
Inch-pounds 

rked are to be used for Emailev shafts b 

100 

readings In the column o( iDch-pounds by lOi). This makes the range 
of Ilie cliari from 30 to 400.000 Inch-pounds. 



CHAPTER II 
EFFICIENCY OF MECHANISM' 



Wh«ii tindenakiiig ilie dev-elopineDL ot any machine the designer la 
proniiillj brought to face the question of the itrobable efllciency ot the 
methanism be wishes lo employ. If the mariiine hflonga to a clasn 
witli which the designer has been long familiar he may lie ahle to 
Judge closely Irom i>ast euperlenre as to what efficiency lo assume in 
his present calculations. It the dealgner cannot bring to his aid such 
past experience, he may be told by the chief engineer to assume a 
particular value tor the efBcleocy. Failing In both ;)ast experience and 
(he avallabllily ot the chief engineer, the designer may attempt a wild 
guess, more or less remote from actual condlllons. possibly seeking 
informatioD from a handbook, where he may find something like the 
followlDg. from D. A. Low's "Pocket-book tor Engineers"; 

Mechanical Efficiency of MachlnsB 
Pi^force acting at the driving point, 
W^ torce acting at the working point, 

velocity of working point 



i-eloelty ratio ot the n 






velocity of driving point 
p ^ value ot P w hen W = 0, 
e = a coefTlcieni. 

J5^= mechanical efflciency ot the machine. 
When friction is neglected P -7- W i= r. 
When friction Is taken Into account P = (1 + c) IVr + p. 
For a particular machine the preceding equation reduces lo p^mW + 
*, where ni and *■ are constants determined from experiments with the 
machine. Finally. 



B = 



Wr 



Wr 



l + r) Wr + p mW + fc 

This lE exceedingly disappointing, as the inconvenience of experi- 
menting with a particular machine yet unbuilt, with a view ot deter- 
mining constants (o be used in cBlculalfons during its design, is apiia* 
rem. Consequenlly the aforesaid wild guess Is too often used as a 
basis from which lo calculate the probable performance ot the machine. 

The determination of the elDclency of any elementary portion of a 
inacbine by analysis 1b. however, a comparallvely simple matter, and by 
illvtdlng the proposed machine into several such elementary portions, 
and determining by analysis the efficiency of each element, the ap- 
proxlmati! efficiency of the whole machine may be determined. The 
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f*Da«EiiK mamJrtia tt tctae staiplc pottioas at maebiiMrr mar eaatly 
be extended bj tbe kppUcaUroa of ihe same reesaalng to other t'asfrs. 
r fom ■ guide for aa InteUlgent goes vhlcL will 
nier tbe truth than ■ wild sneas. 



The tone pi^rfed to ran uty Und ol nuctaUie is osed to th? per- 
[ortnanre ot two fonctloBS: To perform tbe Intended osefol work for 
which the mAchfne is designed: and to overcoine the frt<-tional resist- 
ances in tbe tevenU parts of tbe ma<^bliie. It tbe mncblne could be 
roBiidered aa mnning with abeolntel; no mirtloBKl resistance between 
tts moTlng parts we shonld hate the product of force into space moved 
rqua) to the product of load Into space morr<d: or 



P,t = Lh: P,=- 



Lh 



5) 



la wbicb Pi = tbe ibeoretlcal torce, whlcb acting tbrough a space «. 
will move a load L a rerialn distance h. under tbe assumption that 
there are tio frlrilonal reslsiances In tbe machine. 

The force exerted through the spare i must, however, overcome the 
rrictional resistances within ttie roaclilne. as well as tbe resistance 
of the load L thnitieh tbe distance h. Let V ^ the sum of all the 
trlctlonal resisiances within ihe roacblae. and ur ^ the sum of all the 
distances through n hicti the several frlctlonal resistances are over- 
come. Then Btr ^ the work done In overcomltis the rrlcUonal resis- 
lances of tbe several parts of the machine. The actual force, acting 
ibrougb a space s. besides being required to luove the load a distance 4 
A. must Id addition be sulDcIeDl lo overcome the (rk-tlgnal i 
within the machine Itself; so (he actual effort required 10 r 
load is, 

P » = Lh + W lo.oT P = 

Thus from l'>> and IG) II Is seen that the actual force P must be-] 
greater than the Iheoreiical force P,. 

The ratio of the theoretical to the actual force Is termed the ( 
clency of the machine; Ihua 



Aa ban been seen, P Is al« ays greater than P„ and It follows ihat tha | 
•■nielencr of any machine being always less than unity, regiresents t 
liercnniage of tbe force eierted which Is actually employed In t 
the load. The use of this ratio expressing the efficiency is 
greait^st value in practical problems relating to Ihe force retjulre'd t 
run any given machine: because. In practlcallr all cases, the theoretical \ 
lotto 
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h b ta actors L. h. and s, are known, may he more or leas 

as d m D d nd a knowledge of the efflclency t of ihi? particular 

m h d sfderatlon thou enables the designer to deiermiue 

h quired tor the particular case, aa 

P. P. 

f = — , and P = — . 
P .? 

The value of e tor any niaclilne Is easily computed when the efflciencles 
o( the several moving parts are known. Let e„ e., tj ---<■„ be the 
^ffictenctes ot the several moving parts of the machine; tben tbe etD- 
I'lency of the whole machine Is, 

Since the moving parts of most machinery may l>e reduced lo a few 
i-laHses or heads, a knowledge of the average values o( the efficiency 
of each class will. In most cases, enable the designer to arrive al results 
suRii'lenilj accurate for practical purposes. 

In the preceding discussion it bas been assumed that tlie force P 
ai-'Is In a direction to move the load forward, and that the frieilonal 
reslelanres act against the force P, in tbe same direction as the load 
/.. The relation of power to load and frictional reaistanres Is well 
illuairaied In the case of a crane; and such a machine will hereafter 
be used in the discuBslon, it being understood that what Is said applies 
as well lo any class of machinery. 

Efficiency of Backward Motion 

When a crane is at rest with a load L suspended, the force P Is 
belDg exerted to maintain the load In suspension, and prevent it run- 
ning down. In this lase the (rictlonal resistances wlihin the machine 
are acting in the same dlrecfion as P. and usually the work Wtu done 
lu overcoming them is the same (or the backward as for the forward 
motion: ithile L becomes the actuating force, and P acta as a retarding 
lorce lo prevent acceleration when lowering the load. 

Thus, when the load Is being lowered, we have 



Lh = Ps + U'w 



hh — Ww 



(8) 



P. = ■ O) 

which clearly indicales that when lowering the load, the force P. which 
luiiat act to prevent acceleration, is less than the theoretical force P,, 
By the efficiency of a machine for the backward motion is underslood 
the ratio of the actual force required to prevent acceleration when 
lowering the load, lo the theoretlc'al force required to effect the game 
result could the frieilonal resistances within the machine be neglected. 
Thus for backward motion. 
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l^lng In this equation the values of P Jtod F, In CS) i 



from which we see Ihal when Ww ^= Lh. th — 0, and the Internal rare 
of frlctlonal resistance and L are balanced without the application of 
P; also when Ww la greater than Lh. i\ has a negative value, and an 
additional force F acting In the same direction as L. must be atiiilted 
,t the polnl ot aiipllcation of the power In order to low-er the load. 
A negative efficiency on tfie backward motion may therefore be taken 
a indication that the load will remain suspended upon the removal 
' of the motive power. This Is a feature especially to he desired In all 
cranes as a safety device for those operating them. It Ifi, however, 
often obtained hy ihe sacrlUce of high efficiency on the forward moTe- 
ment. For the forward motion we had 



which, under the assumption that the work done in overcoming t 
frictional resistances within the machine is llie same for both forward 
and backward motion, and assuming the limiting caae Wio ^ Lh, 
becomes 

Lh I 



lingtt^ 

I 



Lh + Lh 2 
Thus the efficiency (or the forward motion of all elementary ^ 
locking machines which automatically sustain the load never eiceeds 
50 per cent, while for cases uhere ex, Is negative the efficiency Is leas 
than GO per cent. 

This statement Is true for all elements In machine design Intended 
to be used as power transmission elements for the forward move- 
ment, while being expected, from the nature of the design, lo resist 
all backward Impulses due to the load when the power Is removed. It 
Is pnssilde, however, by the introduction of devices which, being Idle 
during the forward movement, are called Into action by the slightest 
backward movement of the parts to which they are attached, and 
irblch. being so put Into action, present additional frlctlonal reslstancea 
etlng In the direction ot the force P. to design a machine of any given 
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elBclencr for the forward movemeot, which will autoraatlcally sustain 
tbe load when the power ia remoTed. 

Btfftdity of Bopes 
When considering the efflcienc; of the d life rent claeBes of mechanism 
combined to form a hoisting machine It will be seen that the resistance 
of ropes to bending around sheaves and drums enters largely Into the 
equations for the efficiency of these parts. An; rope otiers resistance, 
by reason of Its rigidity, when wound onto a sheave or drum, while by 




reason of its elasticity, little or no realstanre is offered when It unwinds 
and paseea otF the sheave or drum. 

In Fig. 16 let T ^ the tension In the on side of the rope about to 
be wound around a sheave, and T + T,^ the tension in (he off side of 
the rope; then T, = the force required to bend tlie rope around ihe 
sheave while uDder the tension 7". IjCt II, ^^ the radius of the sheave. 



and d ^ the diameter of the r 



while r 



(he radius of the rope - 
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Then let R^ -\- r = R, 

The lever arm of the rope axis on the off side is, 

Ri-\-r = R, 

Considering the on side of the rope, the fibers on the outside are 

stretched, while those on the inside are compressed, and the resultant 

of these two forces with the force T will lie to the outside of the rope 

axis a distance denoted by h. 

Then the lever arm of the on side is 

ab = R,-i-e-\-r-\-h = R-\-c-\'h. 

The distance e is given by DuBois as 

k JeR 

e = — for hemp rope, and c ^ for wire ropes, 

T T ' 

where fc is a constant to be determined by experiment. 

The condition for equilibrium is then for wire ropes 

kR Th 

TiR-{ h h) = {T -\- T,)R,orT,=:k-{ . 

T R 

Experiment gives this formula the form, 

0.09 7 

r, = 1.08 H for wire ropes, 

R 

100 + 0.22 T 

r, = for tarred hemp rope, 

R 

4 -f 0.065 T 

T, = for untarred hemp rope, 

R 

where T and T, are expressed in pounds and Jf? in inches. (DuBois.) 

The efficiency of the rope, neglecting the Journal triction of the 

sheave, is 

T 
e = . 

Example: A one-inch wire rope under 20,000 pounds tension is 
wound over a 15-inch sheave. Neglecting the journal friction of the 
sheave, what force (T -f T^) will be required to raise the load of 20,000 
pounds? 

Here T = 20,000. 
R^ = 7.5. 

R =8. 

0.09 X 20,000 

then, r, = l.OS H = 226.08 pounds, 

8 
and r + T, = 20.226.08 ppunds. 
The efficiency in this case is 

T 20,000 

r = = = 0.989. 

T -\-T, 20,226.08 

Table V gives the efficiency of plough steel wire ropes when strained 

to their full working capacity, and wound over sheaves or upon drums 

of the smallest diameter that should ever be used with each size of 
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ropi>. Ic wUI te observed that the diameters given iu this table are 
niiK'ti smaller Iban tbose recommended by ihe rope maitutanturer.s ns 
llic minimum to be used with each size of rope. The diameters giveu 
here are those in constant uae by many of the foremost rrane builders, 
il being lound Impracticable lo use the large sheaves and drums reiom- 
mended In the space at tbe disposal ol the designers. 



. t, of P and Q. 



Tbe Fixed Pulley 

Lei Pig. 18 represent a fixed pulley or rope sheave, over which a rope 

ia passed, by means of which a force P Is to lift a load L. The spaces 

a and h ihrougb which P and L move, respectively, are equal (s^ft). 

hence, neglecting all friction and lost power, we hate the theoretical 

P. = L (10) 

Tbe nasteful resistances to be overcome are: 1st. Ihe stifTness of 
llie rope requiring the additional force T,. which may be added to Ihe 
load, making ihe total foire acting in the on side of the rope 

Q = L + T,. and 
2Tid. the Journal rrlction due to the i 
and the weight w of the sheave. 

Produ'e P and to meet at 6. Lay off to any convenient scale 6rf, r= 
(J. and draw ii,a parallel to Fb. Then, similarly, lay off P on P6. Then 
ab = L,. 8Ud when measured to scale gives tbe resultant presBiire on 
the journal due to P and Q. I,ay off on hd^ the same scale as before, 
br =ir. the weight of the sheave. Draw cj parallel to ah, and draw 6/. 
Then 6/:=ir. and v.hen measured to scale gives Ihe total pressure W 
nt the journal, due to the resultant of the forces P and Q and the 
weight «■ of Ihe sheave. 

We now have Ihree forces acting, P, Q. and W. of which Q and B' 
are acting In the same direction, opposed to P. and as the distances 
thrOL'gh which these forces move are proportional to the lever arm In 
mch (-nee. we have the condition of equlllhrlum, letting the coefficient 
at Journal friction ^ « 

PK=:OK + Wr* 
- 0B + 
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Prom (10) and ill) we have the efficiency 
P, LR 

P QR + W r^ 
tn making caltulaClonB. ue may at first neglect the stiffness at Ibe 
roiie, In which case Q =^ L. and we have the efflclency with the rope 
ni^glected, 

LR 



Let I', :^^ihe efficiency of the rope (rem Table V. Then we have ihe 
efficiency, Including the rope, 

The maximum value of L, ie reached when P and Q are parallel, and 
Is then p + Q=:L,; the weight ic of the sheave may be neglected as 

having llltle Influence upon the efficiency; the rigidity of the rope may 
be neglected at first and brought into the solution afterwards, as shown 
above; then P + Q^2L. Then under these assumpilons, viz.. W^= 
L, = F + Q = 2I.. and Q^L. we have by substitution in (11) 



P = - 



LR ■\-2Lril> 



(12) 



Thus from (10) and (12) we get the minimum efficiency of a Bated 
sheave, neglecting the weight of the sheave, and letting the efflciency of 
the rope r= c, =: as above. 



L/I + 2Lr* ff + d0 



Table VI gives the minimum efficiency of the smallest diameter of 
ehi-ave allowable with each size of rope, assuming in each case the 
load L on the rope to be the full worlting strength ot the rope, the arc 
of contact to Iw 180 degrees, the coefficient of journal friction 0.08. the 
diameter of journal pin 4 Inches, and values of ii taken from Table T. 



10 


0.982 


0.92.1 


1.081 


12 


0.985 


0.936 


1.0S8 


14 


0.987 


0.945 


1.058 


16 


0.989 


0.952 


1.050 


IS 


0.990 


0.957 


1.045 


20 


0.991 


0.981 


1.O40 


22 


0.992 


0.965 


1.036 


Average 


0.988 


0.948 


i.ORS 


have. Including the efficiency of the rope f 





-(^) 



L. and letting - 
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la whicb k [a the coefflclent of realetaace of ibe sheave 
bined. From (10) and (13) we have. 



P ftL 






In the snti (Milumn ot Table Vi, the values of h are calculated under 
tbe same condltlonB as are those ot e. aa that Icoowing either the 
power applied, P. or the load to be lifted, L, the other may be easily' 
ealniiated with siifflcient accuracy by the use of the above tabular 

vuliies In the two equations 

P = fc L and I, = e P. 
For ihe backward molion when the load ia descending, we have 



L = 



-. k F. and P ~ 



The distance through which L acts ia equal to Ihe distance through 
which P acts; hence letting s equal this distance, we have the work 
pBrtornifd at the point of application of each force. P and L. as P s. and 



and llie efflclency 



i for the backward 



Movable Pulley or Sheave 
In Ihe case of movable pulleys or Iheaves, Fig. 17, aa in pulley 
blorkB, the ropes are always parallel, or nearly so, and letting {J = 'he 
tension produced In the on side of Ihe rope hy the load L. we have 

P = kQ 
and Ibe condition of equilibrium is 

L = P + Q = Q + kQ^Q(l + k). 
To raise the load (. a distance s. each end of the rope must be shorl- 
ened by a distance equal to s. and as the end Is fixed, this Is accom- 
plished by the end P moving upwards a distance equal to 2s. 

The total work performed is then P x 2s. or 2kQs. 
and the useful work performed Is Ls, or Qs il + fri. 
nhile Ihe efltclency Is 

0« ( 1 + ft ) 1 + ft 



2kQa 2ft 

The efficiency of a hxed sheave was shown to be e:=l/ft. and as k 

Is always greater than unity, we see Ihat the efficiency of a movable 

pulley ia greater ihan that ot a fixed pulley. 

for tbe reverse motion, with the load descending. wA shall have the 

slon In the ends of the rope reversed, and Qi^iP, while as before 

= p+e=p + i:p=pri + '£i. 
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The work iierformed (b Ls = Fs (1 + fc), while Ihe uaefiil work J) 
formed is 2Ps. amj the efBciency la 



for the backward 

Table Vll gives the 
ditlons aa (or Table V 



Psfl + k) l + k 
inimum forward efficiency under the 



"•r 



IK 



Average 




1.058 


0.973. 


1.050 


0.676- 


1.045 


0.978 


1.040 


0.98Q 


1.036 


0.983- 


1.0.^5 


0.974 



whereby 



The Tackle 

Any comhlnatlon of fixed and movable pulleys or abeavet 
power Is multiplied, enabling iarge reslsianees to be overrome. is 
called tackle. The most usual form of tackle is Cbat abown In Fig. 21. 
in Nvhlcb A representa the fixed sheaves mounted in some portion of 
tbe nmcliine, and B represents tbe movable sbeavea In tlie black lu 
which the load Is attached. The sheaves are usually of one diameter, 
and mounted upon one pin, those In tbe figure being made of varying 
diameters to enable the winding of the ropes to be clearly shown. By 
means of the tables given tor the Hxed and movable pulleys we may 
obtain the efflciency of any arrangement of tackle. Inasmuch as the 
tackle shown represents a large majority of those in iiae. it is well to 
investigate the efBciency of such tackle as a unit, 

Tiie fifflciency is In inverse proportion to the nunil)er of sheaves In 
the tackle, which is determined by the number of runs of rope to be 
used, which In turn is determined (friction being neglteied) by th» 
relation 



In which L =: the load, n =^ tbe number of ropes, t = tbe tension In 
each rope, L and t being the known factors determining n. 

Thus neglecting friction and all harmful reslatancea, we have 



Taking all harmful resistances Into account, it will be aeen that tbe 
tensions in the several runs of rope are not equal. Thus If I ^ tbe 
lenaion In the first rope, (, ^: *■( =^ the tension in the second rope, 
(. =: A(, r:^ fc'( = the tensloo in the third rope, and t m_„ :=*: ">— ') (^ 
_llie tension In the nth rope. Tbe power end of the rope la not lu- 
itlnded in the n runs of rope as It haa no direct lifting power, the » 
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rana Including onlj' those directly connected to the movable block. 

In Fls. 21, tg^the teneion In tbe last run of rope, asd as shown 
belore, (,^fct,=fc'(^the tension In the power end of the rope. 




lion In the power end = 

P = A:°( (14) 

The harmful reBlstanceB may be considered as added to the toad, 
which then becomes equal to the sum of the tensions In the several 
ropes connected to the movable block, and we have 
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e,=Tthe efficiency of Uckle D. 4 ropea (Table No, VIII) =0.875 

c =:the efficiency of the complete machine = e, X e, x c, X e., or 

e ^0.934 X 0.934 X 0.949 X 0.875 = 0.723. 

While on account ol the small Torce availahle for operation, the 
hand crane Is usually double geared, the steam crane, being operated 
by much greater force. Is often single-geared. Thus, should a steam 
crane be applied to the elenieniar; crane of Fig. 22, the shaft A. pinion 
I. and gear b would be omitted, and shaft B would become the engine 




The mechanical efficiency of small, simple elide valve enRlnefl 
1 by several autliorttlea as Sd per cent to 90 per cent. Assuming 
t smaller of these two values, we have 

e, = the efficiency of the engine 0.850 

= tlie efficiency of the pinion and gear 0.934 

L^=:tbe efficiency of the drum and shaft 0.949 

■*^Oie efficiency of the tackle 0.BT5 

* .e9.850 y. 0.934 X 0.949 X 0.875 =: 0.S56 

K the above value obtained for the hand crane as a basie, we 
ae coefficient of resistance for the complete crane, k^l/e = 



= 1,38. 



One 



1 exert a force of about 30 pounds upon a 
are worlcing at a crank Ifl inches long, 
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the ratio of the gears a^& and &-c is 1 to 4 In each case, and the diam- 
eter of the drum is 24 inches; the force or pull in the rope wound 
around the drum is 

120 X 16 X 4 X 4 

T = = 2,560 pounds. 

12 

Fig. 22 shows the crane as having four runs of rope, which gives 
the load 

Q = 2,560 X 4 = 10,240 pounds. 

The actual load L that can be raised by four men working this 
crane would be, assuming the efficiency as 72 per cent, 

L = 10,240 X 0.72 = 7,372 pounds, or about 3% tons. 

Conversely: A load of 3% tons is to be raised by such a crane. We 
have the force or pull in the rope 

7,000 

T = = 1,750 pounds. 

4 

Then the power P required is 

1,750 X 12 

Pr= = 82 pounds, nearly. 

4 X 4 X 16 

The coefficient of resistance is 1.38, and we have the actual force 
xequired on the crank F as 

P = 82 X 1.38 = 113 pounds, nearly, 

tihich would be fair work for four men. 
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INTRODUCTION 



It is ratber difficult to classify aad give proper definitions of the 
msDy tarring kinds and types of dies used on the power press for 
rapid jiroducllon of ilupllcate work. While there are, of course, some 
general classes Into which all toole of this description may be divided, 
tbe various types overlap, so to say, and one is sometimes in doubt 
u to the proper classification oC tools which comhlne the features of 
dllferent lypes. In the following, however, the distinctions l>etween 
Ibe main types have been pointed out in general outlines, the dellni- 
tlons tieing broad enough to permit of adjustment according to special 
condilions. 

All dies may. In the first place, be divided Into two general 
classes: cutting dies and shaping dies. Cutting dies Include all dies 
which simply cut or punch out required pieces of work from the stock 
fed Into the press, without changing the condition or form of the 
Block In the plane in nhlch it was located in the material from which 
it 1b cut. Shaping dies Include all dies which change the form of the 
material from its original fiat condition, producing objects In which 
the various surfaces are not In the same plane. The last mentioned 
main division often includes also the characteristics of the Urst: that 
is. some shaping dies are, for instance, a combination of cutting and 
Bhaping dies, the blank for the work to be shaped or formed being 
Brat cut out to tbe required outline from the slock, and then shaped to 
tbe desired form. 

The main classes ot dies, as wilt be recognized, are based on the 
vie of the dies. The first of the classes mcniloned, cutting dies. may. 
however, be further sul^divided according to the construction ot the 
various types of dies in this class. We then distinguish between tour 
distinct types, plain blanking diet, follow dies, gang dies, and com- 
pound dies. 

Plain blanking dies are tbe stmptest of all types of dies, and are 
tised to cut out plain, flat pieces ot stock having. In general, no per- 
forations, tbe work being turned out complete at one strolte of tbe 

Follow dies, not Infrequently also termed tandem dies, are used 
for work which must be cut out tram the stock to required shape, and 
at the same time be provided with boles or perforations ot any 
kind. The principle of tbe follow die Is that while one part of the die 
punches the hole in the stock, another part punches out the work at a 
place where at a former stroke a hole has already been punched, so 
that a completed article results from each stroke of the press, but, in 
reality, two operations have been performed on the work before com- 
pletion. The follow die cannot be depended upon to turn out very 
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Tccurate work, because It depends largely on the skill and care or 
operator for Ihe production of duplicate work. In both Uie plain 
blanking and the follow dies, the punch, or upper member, and the die. 
or lower member, of the complete tool, are distinct elcmonls, the worh 
being cut out or perforated by the entering of the punch into the holes 
provided for It In the die. 

Gang dies are used when several blanhs are punched out siraullane- 
ouBly from the eiock. The advantage o( the gang die over the plain 
blanking die la the saving of time. 

Compound dies differ from plain blanking and gang dies In that 
the elraple punch and die elements are not separated, one In the upper 
and one In the lower half oC Iho complete tool, hut these elements 
are combined ao that both the upper and the tower part contain each a 
puDch and a die. The faces of both punches, dies aud strippers are 
normally held at the same level, and the strippers are spring sup- 
ported so as to give way wlien the stock is Inserted between the faces, 
and the press Is In action. The springs are bo adjusted that they are 
Btrong enough to overcome the cutting resistance of the stock, after 
which they will bo compressed until the ram reaches the end of its 
Btrokc. A compound die produces more accurate work than the three 
types previously referred to, for the reason that all operalions are 
carried out simultaneously at one stroke, while the sloclc is firmly 
held between the aprlng-Hupported opposing die faces. The dlaad- 
vanlage of the ordinary compound die is the difficulty encountered in 
"setting up," and the compleilly of llie design, which usually requires 
more or less frequent repairs. 

The second main division of dies, the shaping dies, cannot be sub- 
divided according to the construction of the dies in the same manner 
as the cutting dies. Shaping dies are usually designed more Ot less 
on the compound principle, outlined above, hut owing to the great 
variety of work performed In these dies, the designs vary too greatly 
for a classlficallon on the basis of constructional features. They may. 
however, be divided Into subclasses according to the general use to 
which they are put. We would then distinguish these four main sub- 
divisions: bending dies, forming dies, dratcing dies, and curling difs. 

Bending dies are used when part of the surface or a piece of work 
is pushed from Its original plane Into a new shape in such a manner 
tf:h&t the bent work does not form a closed curve. 

Forming dies are used when the blank is required to be formed 
gvio a holiow shape, by being pushed Into a cavity In the die. 

Drawing dies are used tor the same purpose as forming dies, but 
^|ie process differs in that the outer portion ot the flat blank to 
-^y^ formed la confined between two rigid flat surfaces, so that, when 
^j^wn radially Inward from between them, no wrinliles can form. 

Curling dies are used for bending over the ends or edges ot the work 
Mffio a circular cross section, like the turning over of the edges of 
^- 4:7llow objects of sheet metal, etc, ^^ 

yinally, we must mention the sub-preas die, which, however. cana|^| 
^^ defined aa a special claae of die, but merely as a principle on wlil^^| 
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alt the different clasBes ol dies, cutting as well s^ shaping dies, may 
1» worked. Tlie sub-press principle Is simply tliat the iipppr and 
lower portion of llie die, the punch and die, are combined into one 
iiiilt hy guide rods (astened Into the lower part oF the die and extend- 
ing through holes in the upper part, or by some other provision to* 
guiding. This construction permits of a high degree of accuracj 
eliminates the necessity of lining up the punch and the die each time 
Iher are set up on the press, and thus saves a great deal of lime and 
eOBt, 

In the [oHoniiig, ne shall, honever, deal only with the simpler 
forms of cutting dies, plain blanking and gang dies, except in Chapter 
VI, where reference will also be made lo some o[ the more complicated 
tvpes of dies. 



CHAPTER I 



METHOD OF MAKTNO BLANKING DIES* 

Prom a mechanical standpoint it can trutbrully be said that n'e are 
living in an age of dies. Never before bas the iuduatrial n'orld made 
use of the punch and die as it Is doing to-day. And no wonder; tor 
this useful (ool In all Its dlfTerenl phases has proved beyond oil reason- 




able doubt ibat It can t 
bined efforts of a roon 
presses. To those wbo 
atiove may not appear 
• Macbikehi. June, lUOl 



rn out more worit in less time tlian the corn- 
full of milling mscblncs, shapers, and drill 
ire unfamiliar wlih the die and Us worli the 
but one has on!y to visit a 
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Ebeet metal factory to he ponvlneed of the surprising rapidity with 
which the power press with Its puDctaes and dies will turn out not 
only work at all kinds of shaiies and sizes, but accurate work as well. 
Of ihe many dlHerent kinds of dies in use, the hlanking die U prob- 
ably the most widely employed. The reason for this is that almost all 
work that requires the use of various other kinds of dies has Its begin- 
ning with the blanking die; for it Is this die that cuts (be work from 
the flat stock before it Is completed by the other dies. In making the 
blanking die (here are a few essential points lo be taken into consid- 
eration, among which are the following: 

1. Use good tool steel of a sufflclent length, width, and thickness 
to enable the die to hold its own. 

2. In laying out the die, care should be taken that as little of Ihp 
stock as possible Is left over, as waste. In cutting out the blanks. 

3. Be sure not only that the die has the proper amount of clear- 
ance (which should be no more than two degrees and DO lees than one 
degree) but also that the clearance Is flled sIraiQht. so as to enable 
the blanks to readily drop through. 




4. In working out the die, machine out 
let the (lie do it all. 

», In hardening the die, do not overheat It, as the cutting edge of a 
die that has been overheated will not stand up to the work, and re- 
quires so much sharpening in order to produce perfect blanks, Ihal at 
its beat it Is nothing more than a nuisance. 

In laying oul the blanking die. Ihe face of the die Is first polished 
smooth and drawn to a blue color by heating. This gives better satis- 
faction by far than using coloring acid, for it gives a clear white line 
on a dark surface to work to. and la easier on Ihe eyes, particularly 
when working by artiflcia! light as is often necessary. When the die 
to be laid oul is a blanking and piercing die, allowance of 3/S1 Inch 
must be made tor the "bridge," i. c, the narrow strip of metal that 
separates the holes in the slock from which blanks have already been 
'ig. I shows how this Is done; the dotted line A Is drawn merely 
show how the die la laid oul. 

After the die is laid out It la ready to be worked out. Xow there 
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are several dlSerent ways ot working out the eurplua stock In a die 
of ttals kind. One Is to drill Eay a halMncb hole at a sale distance 
from tbe line, and tben fasten tbe die In a dlemaker's milling machine 
uid mill out the stock close to the line with a taper milling cotter, 
which gives tbe die the nectasaiy clearance, thereby saving consider- 
sble time when tiling out the die. 

- : ! ~l » 




. aCiipt>er 



Ajiotlier method whkb Ie most commonly used, is to drill out the 
surplus stock on a drili press, after the manner shown In Figs. 2 and 3, 
wbicb la done as follows: The six holes for the corners numtMred 
1. i, 3, i, E, 6. Fig. 1. are first drilled and reamed taper, after which 
(be other holes are drilled. These holes are drilled an even distance 
apart, and must therefore be spaced off, and tben spotted with a prick 
poncli before they are drilled, The best way to do this Is to first 
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scribe ao Inalde line at a dlataoce from th« outside line equal to one- 
hatt the diameter of the holes to b« drilled, then apace off, and spoL 
In apaclng off, do not use dirldefs, bnt uae a double prick punch. 
Ualng a pair of dividers requires too much time, besides the points 
get dull quickly enough without using them when It la nnnec«aasiT- 



< 


-— > 
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After tlie centers havo been lightly si)otted nilh the double prick puncb, 
use an ordinary prick punch and make the spots a trifle deeper, 90 
Ihat lhi> drill "ill more easily take hold. 

In (Irilling, use the method shoivn in Figs. 2 and 3, for Id this way 
the holes can be drilled closer together, thereby making it easier to 
get rid of the surplus stock and saving the time of broaching out the 
webs. The die blank should hi- slightly tipped by placing a narrow 
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strip o[ flat stock under the edge of same, as shown In Fig. G, when 
the die la being drilled. This is done to give the necessary clearance, 
and does away wltb that time-kllling operation of reaming the boles 
with a taper reamer from the back after they are drilled. After the 
BurplUB stock la gotten rid of. the die is finished by filing, using a 
coarse file to begin with, and finishing with a smooth one. 




ng. a. UMBul of Obulnlns Cluruca i 

Usually the die is made to fit a sample blank or a templet. Thlg 
is done by entering the templet from the batk as tar as It will go 
after the die has been died lo the Inside of the line. A lead pencil Is 
iben used to mark those parts of the die where the templet bears. 




for 
D take 
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In hardentog the dlo, heat it to a cherry red, preferably in a f 
furnace or a clean charcoal fire, and dip endwise liito tlie solution used 
for hardening. Whpn the die is aufficlently cold so that It can be 
taken hold of by the hands, withdraw it quickly and place it on the 
until It has become bo warm that it will mahe waler slzile when 
sped thereon: then immerse once more until cold. This is done to 
;ve the Internal strains caused hy hardening, and acts as a pre- 
:l\e to cracking. The face of the die Is now polished, and the 
temper drawn to a light straw color, after n'hlch the die is allowed to 
cool of its own accord in oil. When cool, the die is ground on the top 
and bottom on a surface grinder, and if required it is lapped to a 
which completes the operations. 




J punch Is made after the manner shown in Fig. S, and needs 

' little explanation. The dovetail punch baclt shown holds the 

B In position, and is securely held in the press hy the aid of a 

The slot S forms a position etop by engaging in a stud in the 

I channel in the ram of the press, thereby enminatlng the 

Bslty of again resetting the tools in case the punch requires 

^rpenlng. The blanking punch is made from a too! steel forging, 

t is machined and sheared through the die in the usual manner. 

it one-inch sbanic Is made a good driving fit in the punch back, and 

t showE after the punch is driven in. The three set pins 

p to more securely hold the pucch in position, and prevent it from 

«»g. 

B piercing punch la held in position by the piercing punch holder. 
s driven tight In the punch back. The piercing punch is lightly 
1 tn. and Is made of drill tod. and can be very readily replaced 
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in case it is broken. The pilot pin is also made of drill rod, and can 
be very easily and quickly taken out when the punch requires sharp- 
ening. 

The stripper and gage plates for this die are shown in Figs. 4 and 5. 
They are fastened by four 7/16 cap-screws to the die bed, used for 
holding the die in position when in use, and form, without doubt, not 
only the best, but by far the cheapest of the various methods employed 
for this purpose. While this method cannot be used on all kinds of 
blanking dies, it can, however, be used with the best of results on dies 
similar to the one described, and eliminates the unnecessary opera- 
tion of drilling and tapping holes in the die itself to hold the stripper 
and gage plates in position. Not only that, but the gage plates as 
shown are used in connection with many other dies of a similar nature, 
thereby doing away with the necessity of having a set of gage plates 
for every die, as would otherwise be the case. 

As the illustrations speak for themselves, no more explanation seems 
necessary, except perhaps that the slot B shown in Fig. 4 is to allow 
for an automatic finger to act as a position stop for the metal when 
it is run through. 







BliANKING AND PIEBCING DIES FOR ■WASHERS* 

One ot tbe simplest dlea to make, coming under the head of blank- 
ing and piercing dies, is perhaps the die tor hlanklng and piercing 
brass n'ashers. The rcaaon for this is that In malcing this die. tbe 
hie and vise are not used; the construction and shape ol this die are 
such as to allow It to bo made by machinery. To lay out a single 
washer die is a very easy matter, but to lay out a die for cuttiog two 
or more washers at one time, so as to cut the greatest amount of 
blanks from the least amount of stoch. Is not understood as it should 
be, One of the reasons for this is that it Is the custom In some shopB 
to have the foreman, or some one else appointed by bim. lay out all 
the dies before they are given to the diemaker to work out. 




DOOO 



J In Y\g. !■ 



In laying out a washer die (or blanking two or more washers at one 
time, one ot tbe main points to be remembered is that all tbe boles 
from which the blanking and piercing are done mast be laid out in 
an exact relation to each other, so as to eliminate tbe possibility of 
"running in" (i. t.. cutting imperfect, or half blanks, by cutting Into 
that part of the metal from which blanks have already been cut). 
Tbe required amount ot blanks must also be considered, for it some- 
times happens that the amount wanted does not warrant the making 
ot a die that will cut more than one at a time. 

Fig. ID shows how a die Is laid out tor blanking and piercing two 
washers at one time, so as to utilize as much ot the metal sb possible. 
As shown, the ?i'inch holes marked C and D are the blanking part of 
ihe die, while the 'A-incii holes A and B are tbe piercing part. The 
distance between the center of C and A Is 51/64 Inch, as is also tbs 
distance between D and B. By referring to Fig. S. which shows a 
sectloQ of the stock after It has been run through this die, It will be 
seen that there is a narrow margin of 3/64 inch of metal, known as 
"the bridge," between the holes. In laying out the die this margin 
must be taken Into consideration, which Is done In this i 
diameter of washer to be cut plus bridge equals distance from c 

■ UiCalxEBT, October, lOOfl. 
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to center, vie., 3/i + 3/6* = 51/64, The dotted circle shows that the 
die is laid out so that one washer Is skipped in running the metal 
through at the start. This is done in order to mal^e the die a sub- 
stantial and strong one. It can be very readily seen that if the circle 
E were the btanliing part instead ot O. the die n-ould be a frail one. 
and would not be strong enough for the n'orh for which it is intended. 
Another important point in laying out a die of this kind Is to lay 
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cut the die "central," i. e., laying Okit the die so that when it is beyed 
in position ready tor use in the center of the die bed, It will not have 
to be Bhlfted to the right or leFt side in order to malie it line up -n'ilta 
the punch. It may not be amisB to say In connection with the above 
that the punch back which holds the blanking and piercing: punches 
In position should also be laid out "central"; this will be more fully 
described later on. 




Fig. 13 shows the layout for blanking and piercing three wasbers at 
one time, and hardly needs any extilanalion; the explanation given In 
connection with Fig. !0 sufficiently explains Fig. 12. 

Fig. 11 ebons a section of the stock after It has been run through 
this die. it can be seen that the holes match in very close together. 
and that very little stock Is left. It is also seen that the three boles 
puDched are not in a straight line, so far as the width ot the metal la 
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concerned. This la done In order to save metal; the doited circle F 1b 

merely drawn to show that wider metal would have to be used if the 
boles were In a straigbt line. 

Fig. 13 Btiowa tbe plan of a die for blanhing and piercing elglii 
washers at one time. The parts which are cumljered are the blanking 
partR, while the parts that are lettered are the piercing parte ol the 
die. This die Is laid out similarly to Fig. 12. with the exception that 
there Is provialon lor eight blanks Isstcad ol for three. Fig. 14 shows 
n section of stock after It has been run through this die. To give a 
better Idea as to how the blanks are punched out In the manner shown, 
the sixteen boles in the metal from which blanks have been cut are 
numbered and lettered the name as the die. It should be understoon 
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that the metal la fed through In the usual wa;, which is Itow right to 
left, and that the ^-Inch boles are first pierced out. before th* %-lnch 
blanks are cut. 

By referring again to Fig. 13, the lay-out for cutting two, Ibree. four 
five, six and seven blanks can be determined. The parts numbered 
and lettered 1 — A and 5 — E are the lay-out for two blanks. For three 
blanks: 1—A. 2—B, and 5— B. For four blanks: 1 — A, 2—B. 5 — E. 
and 6— F. For five blanks: 1— J.. 2—B. 3 — C. 5 — E. and 6 — F. For 
six blanks: 1—A. 2—B, 3— C. 5 — E. G— F. and " — 0. For seven blanks: 
1—A. 2—B. 3—C. i—D. 5— r, G— F. and 7— O. 

The die bed used tor holding the die in Fig. 13 In position when 
In use should have its dovetail channel running is the direction KL. 
while the dovetail channel tor the dies shown In Fig. 10 and 12 should 
run In the direction FO. The reason Cor ibis is that a longer bearing 
tarfam tor the doretall Is obtainable br sucb an arrangement 
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It should be remembered that all holes in dies of this kind are lapped 
or ground to size after hardening; they should be perfectly round and 
have 1 degree clearance. In some shops the holes are left straight for 
% inch, and then tapered oft 2 degrees. 




FlflT. 13. Plan View of Die for Punohing Elirbt AVashers Slmultaneouely 

An important point to bear in mind in making the punch is to have 
a perfect "line-up." It may not be generally known, but it is never- 
theless a fact, that blanking tools that blank, or that pierce and blank 
two or more blanks at one time, will run longer without sharpening, 
cut cleaner blanks, and, in fact, give all around better results, if tho 
punches are a perfect "line-up" with the die, than if they arc lined up 
in the so-called "near enough" way. A perfect line-up, as referred to 
in the above, is a line-up that will allow a punch that consists of two 
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or more punches to enter the die the same as If the punch coneisted 
or just one punch. The advantage of Ihe perfect line-up over the other 
is that when In use the punches do not come la loo close contact with 
the edges of the die. They enter the die. but do not bear against the 
edges in such a way as lo dull the die, or round over the sharp cutting 
edge of the punch, 

A punch that is almost a perfect !Ine-up will enter the die, but it 
requires more force to make it enter. Why? Because In entering, one 
of the punches, for instance, rubs hard against the side of the die. and 




it set up in the press and allowed io run, that punch, no matter how 
small, will doll the edges o( (he die as ivell as the edges of the paQCh 
ItEelf, The result is rtat the press must stand idle while the tools 
are being sharpened, and If the real cause of the trouble la not reme- 
lled, it is "the same old thing" over and over again. 

Just Q tew words in regard to making the punch. In making the 
punch, care should be taken that it flis Into the die not too loose, 
nor too tight The blanking punches are hardened and ground 
to size. The taper shank is Snisbed to size after hardening, so that 
when the punches are driven into the punch back they will stand 
straight and not lean to one side. 
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In laylne out the dovetail punch back, first clamp the back central 
I Uie face of the die. Thla is done so that when the punches are 
n Id position In the punch back, and set central tn the ram of the 
Itfvss, ready to be used, no shifting Is required In order to make the 
punch line up with the die, which is keyed In the center of the dlo 
bed. After clamping the punch back in this position, the blanking part 
of Ihe die nearest Ihe end is scribed on the face of the punch back. 
Do not Bcrlbe all the holes and rely upon finding the center of each 
circle thus scribed with a pair of dividers, and then true up these 
centers on a faceplate In order to get a perfect line-up; this method 
Increases the chances of error, especially when there are aU or eight 




punches to be sn In position. A twlier way Is to scribe one circle aa 
stated abo*e, and remove the punch back from Ihe face of Ihe die; Ond 
the center of the circle scribed; true up this center, and drill and bore 
out Ihu hole to fit the taper shank of the blanking punch. 

Fig. 15 shows how a punch of this klDd Is made. The punch as 
shown Is used with the die shown In Fig. 10. After the hole Is bored 
to size. Ihe already finished blanking punch Is driven In tight In the 
manner shown. Two narrow parallels, say "A X % Inch, are now lalO 
on the face of the punch back, and the blanking part of the die that 
corresponds with the punch driven in Is slipped over the sama, until 
the face of the blanking die rests upon these parallels.- after which 
the die la clamped tightly thereon. The neit bole is now trued up 
with a test Indicator until the bole runs dead true. The die la then 
removed, the hole for the taper shank la worked out, aii4 \\it 
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punch driven in. Where there are more punches to be eet In, I 
method ie used uotil the^ are all in poaitlon. This Insures a perfect 
line up, providing that ordinary care and precaution has been used 
m doing the work. In boring out these holes it is best to use a bol- 
ster having a dovetail channel, and to hold the punch hack In position 
with a key, Th!3 is better than using straps to fasten the puncii back 
to the faceplate, as the straps are likely to interfere with the paralleis 
and the die, when locating the exact position for the holes to be bored. 

In locating the position for the piercing punches, it sometimes hap- 
pens that the holes are so small that they cannot be bored. The holes 
are then transferred by a drill that runs true and Is the same size as 
the holes In the piercing die, the die being used, so to speak, as a drill 
jis. 

Fig. 15 shows how the piercing punches are held in position. The 
punches are made of drill rod, and are prevented from puahing back 
by hardened blind screws as sbown. If tbin, soft metal is used, the 
method for holding the two pilot pins in position ahowu in the pre- 
vious chapter may be employed. When the piercing punches are made 
and held In position as shown In Fig. 15, a spring stripper is sometimes 
used, and la fastened to the punch back, and the holes tor the piercing 
punches In this stripper are made a sliding fit, in or5er to prevent the 
punches from springing or shearing. When the ordinary form Ot 
eiripper is used, the piercing holes are also made a good sliding flt.J 
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MAKING BLANKING DEBS TO CUT STOCK: 
BCONOMICALLY' 
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A most important point for the diemaker to bear In mind in making 
blanking dies tor odd shapes is to lay them out so that the mtntmum 
amount of metal will be converted into scrap. In fact, hardly too 
much stress can be laid upon this one point alone. It is an easy mat- 
ter to waste a conaiderable percentage of the stock by lay-outs which 
may appear to be fairly economical. The dlemaker sbould make a 
careful stud; of the most economical relation ot blanking cute to one 
another and to tlie stock. It la the object of the present chapter to 
point out by actual examples how stock can be saved which may be 
converted into scrap if the diemaker is not constantly watching out 
for possible economies. As an illustration, it sometimes happens tbat 
by laying out the dies so that the blanks are cut from the strip at an 
angle of 45 degrees, as shown la Fig. 17, a considerable economy of 
metal can be effected over a right-angle arrangement, that Ib, one In 
which the dies are set so as to cut the blanks straight across the 
strip. The angular location permits the use of narrower stock and 
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mUerlally reduces Ibe amount ot scrap metal. Fig. IS shows Lhe 
plan of ibe die, and needs little or so explanation, as the manner In 
Trblcb It Is laid out Is obvious; tbe lAac at tbe atrip Bhonii In Fig. IT 
also clearl? shows how tbe die Is laid out. 

Another metbod that Is often used to aave metal Is that ebown In 
Figs. 19 and 20. This method Is used where the required amount of 




blanlts does not warrant the making of a double blanking die; also 
when, unavoidably, there la a considerable amount of stock between 
th« blanks after the strip has been run Ibrougb as shown at A In Fig. 
li. To save this metal the strip is again run through In a reverse 
order after the manner shown In Fig. 20, therebj' using up as much 
ot tbe metal is it la possible to do. Besides blanking and piercing 




the blank when running the metal through tlie first time, the boles 
uombered 4, 5, and e. Fig. 18, are also pierced. This Is done for the 
reason that when the metal Is run through the second tinie It pre- 
Tenls cutting of "half blanka" by "running In," or, In other words, the 
liability of cutting imperfect blanka by cutting Into that part ot the 
metal from which blanks have already been cut. This guiding action 
Is effected by three pilot piaa In the blanking punch (not shown) 
which engage the three pierced holea made ^itftU IU« »\.t\\i •»*» 
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run through the first time. The pilot pins engagtng wltb the plert 
holes cause the second lot ot hlanka to be cut centrally with t 
holes, and also to be accurately centered betw^n the portions of ate 
from which the blanks have already been cut. When this die Is 




use, the metal Is run through In the usual way from right to 1 
until half at the required amount ot blanks Is cut, after which 1 
piercing punches for the holes are taken out and the metal is r 
through again and the other half of the required amount ot blai 
is cut 




OOOOOOOQ 



In laying out ibis die, which is done after the manner shown In F 
28, the line A la used as the center line for the piercing holes nnmbei 
I and 2 In Fig. IS, and the line B Is the center line of the blankl 
part of the 6\e. The line C Is Ihe center line that shows the cen 
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o[ th« next blank to be cut and Is laid out l,Z/^^ Inch From tbe line B. 
Tills dimension is fixed by llie tact Lbal the widest part at the blank 
U 35/32 Inch, and tbe bridge between the blanlcs Is 3/C4 Inch, the sum 
of which equals the distance from center to center of adjacent blanks. 
The line D Is the center lice tor the blank C. Fig. 20. which is cut 
when the metal is run through the second time, and is made at 0.414 
Inch or one-halt of S3/64 trom the line C. Fig. 2S, Inaamucli as (he 
blank is cut cenlraliy between that part ot the metal from which tlie 
blanks A and B. Fig. 20, are cut 




ni, ao. Slack ftltBr batniiK b-»a run turlce Ihraunh His In F1(. IB 

Fig. 21 shows a double die for blanking and iiiercins braaa, pro- 
ducing the shape ehonn in Ihe sketch at the left; it la laid out ao as 
to save as much of tbe metal as is practically possible without added 
expense so far as the operation ot blanking and piercing is con- 
cerned. By referring to Figs. 22 and 23 it can he seen that the strip 
of metal from which the blanks are cut is run tiirough a second time 
for reasons that will be given. One reason is that wider metal can 





1 by doing this, which In itself Is a saving so tar as tbe cOBt 

Of metal la concerned. Wide brass can be bought at a lower price per 

t than narrow brass; the other reason is that a strip ot metal 

I Inch wide and as long as the entire length of the strip Is saved 
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op every strip that Is run through. If narrow metal were us 
would lie waste ot % inch of metal (I. e.. 1/16 Inch on each aide) 
o£ every strip run through, and on tuo strips from which no more 
blanks could be cut than from the wider atrip shown in Fig. 23. there 



d be a waste oC Vt inch o 



mmr 
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br ust^H 



:d be a waste at y^ inch of metal. On the other hand, br i 
wide metal the waste would be only 3/16 Inch, as Indicated in the cat. 
Fig. 29 shows how this die Is laid out. and should be BuOicientlr clear 
to explain Itself. 
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> fully understand the manner in which the metal is gradually 

worked ui) after each stroke of the press, short sections are shown In 
Pig. 25. At the first stroke four holes are pierced and two plain blanks 
with no hoIea^A A are cut out. At the second stroke there are 
also four holes pierced and the two blanks B B. for which the holes Wtt; 
pierced at the previous stroke, are cut At the third and fourth m 
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blanks, as will be noted trom the sketch of the scrap punchlugs Ehowa 
at tbe left, and another feature fa that h^ the aid ot an adjustabia 
eUp, not Bhown, almoGt any lenstb of blank can be made without alter- 



InK or rasettlnK the toota after Lhey have been set up in the press. 
Tbe norklDg part of the die Is laid out a little lo ibe left of the center 
■s to give Rufficlent lenglb for the gage plates which are fastened to 
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S die by ii-lnch cap-fifews. These gage plates i 
■■ U In position while U Is being fed from right 
* ent from the strip. 



re used to keep the 
} left as the blanks 



26 



No. IS— BLANKING DIES 



Fig. 30 la a comblnaiion plerdng and shearing die and Is used lor 
producing the 1-inch square waaher shown in the cut. The principal 
feature of this die Is that there Is no waste of metal In producing tlie 
blanic, except, of course, the ii4-inch round punching taken Croro the 
center. The strip of metal In XbiE case can be fed from right to left 
or front to back, as preferred. 



CHAPTER IV 



OONSTEUCTTON OF SPLIT DIBS* 

A die of great importance In the production of sheet metal parts is 
the Bpitt die. There are two principal reasons for using the spilt die. 
One is that It sometimes happens tiiat the blanks to be cut are of 
such a shape that the die cao he more quickly and cheaply made by 
making a split die than by mablng a solid or one-piece die. The other 
reason is that when the required blank mual be of accurate dlmen- 
Blons. end there Is a chance of the solid die warping out of shape In 
hardening, the spilt die is preferred because it can be much mora 
easily ground or lapped to shape. 

Fig. 31 shows the manner In which the ordinary split die is UHually 
made. After the die Is worked out, It is hardeoed and ground on the 
top and bottom. The two sides A ar« then ground at right angles with 
the bottom. 

The tutting parts of ihe die, B, are next ground at an angle of 1^ 
degree with the bottom, so as to give the necessary clearance in order 
(hat the blanks ma; readily drop through. The key D Is now set In ' 
place, and the die la keyed In the die bed by the aid of a taper key. 
The key D prevents the die from shifting endwise; the keyway should 
have rounded corners as shown, which not only give added strength, 
but also act as a preventive to cracking In hardening. The last 
operation is to grind the two circular holes. This Is done by first 
lightly driving tno pieces of brass or steel rod Into the holes until they 
are flush with the face of the die. The exact centers are then laid out 
and spotted with a prick punch, care being taken so as to get the ceo- 
lers central with the sides B. The die Is now fastened to the face- 
plate of a universal grinder, and the center mark Is trued up vlth a 
lest indicator until U runs exactly true. The brass rod piece la then 
driven out. and the hole ground to size, with 1^ degree taper for 
clearance. The other hole is next ground out in a similar manner. 
which completes the operations so far as the die Is concerned. It 
often happens with a die of this kind that when It Is placed In the 
die bed and the key driven in place. It will "close In." To overcome 
this, the die Is relieved after the manner shown at C. which does not 
ay prevent it from being securely held In place when In 
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CONSTRUCTION Of SPLIT DIES 

Fig. 28 stows a rather novel form of split die; this die with a 
Blight change practically takes the place ol two dlea. It Is used tor 
piercing slots in brass plates. The size of the slot tar one style oF 
plate Is 4=>i Inches long by % inch wide: for the other plate the slot 
Is i inches Jong by 5/lG inch wide. The cutting part of llie die, shown 
in Fig. 26. is made In (our sections, A. B. C. D. The cut fully explains 
itself and therefore needs no detailed explanation. It may not be 
out of place, however, to say that the aolt steel bushings, as shown, 
are used to allow for the contortion ot tlie parts .1 and B In hardening. 
It may be added that the four bushings shown In the piece A were 
driven in first; then solid pieces wore driven In the part B; then the 
holes were drilled In these latter pieces, being transferred from the 
bushings in Ihe part A. In Fig. 26 are also shown the parts used In 
connection with this die for piercing the 4 x E/lG-inch slot. These parts 
are made as shown, and are hardened only at the cutting ends. Out- 
side of the fact that tbis style of die practically takes the place of' 
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Pg. 31. Bxampl* or Sput ihb 

two dies, there Is stll! another feature In connection with It that will 
bear mentioning: there Is no special or extra die bed required (or this 
die when In use. 

It may not be amiss at this time to Bay a (ew words with re(erence 
to die beds. (In some shops this part Is called bolster, die block or 
die holder.) Perhaps the most commonly used and the best die bed 
tor general use in the press room is the style o( bed shown In Fig, 32, 
TUb die bed Is principally used tor the reason that the screws that 
laBlcn the die bed to the bed of the press do not have to be screwed 
entirely out, either in placing the die bed In the press or in taking 
It out. as the slots C and D are made at right angles with each other 
for Just this reason. 

The dovetail channel is planed so that when the die Is keyed in 
pocttlon the center of the die Is central with the slot C. The side of 
the die bed marked A Is planed at an angle at 10 degrees, and Is paral- 
lel with the slot C. The side marked B is planed at an angle of 13 
Begreeo and is at an angle of 1 degree with the center line. The rea- 
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] for placing this Bids to an angle ot 13 degrees instead ot ID Is that 
the Increased angle causes the die to lie flat, and prevents It from 
raising or tilting up In any way when the key Is driven in. 

In speaking of the key, it may well be added here that the taper-key 
method of holding blanking dies In the die tied is the best of the vari- 
ous methods which are generally used. The set-screw method Is doubt- 
less the poorest ot all. The key as shown in Fig. 32 Is driven In on 
the front side of the die bed. This Is optional, however, as the prac- 
tice differs. In some shops the Uey is driven In on the front side 
wliile in others it Is driven in on the hack. 

Of late years there has been a tendency among large concerns lo 
have all their die beds tor the power press made from semi-steel east' 
IngB. or of machine steel for certain classes of heavy work, Instead 
of from gray Iron as heretofore- This Is being done because a gray 



iron bed that Is used day after day tor holding dies tor rutting heavy 
metal will not stand tip during long and hard usage as It should. Past 
experience has proven that gray iron die beds In time become out of 
square; then, again, they sometimes crack. With the semi-steel, or 
the soft steel die bed, this does not happen. It has been found that 
semi-steel and machine steel die beds pay for themselves many times 

In planing up the stock from whicti the blanking dies are sawed off 
before they are worked out, a gage similar to the one shown In Pig. 
ZT should be used for planing up the different widths of dies. In this 
way the dies will be ot a uniform width and thickness, which makes 
It possible to have them interchangeable wllh the respective die beds 
tor which they are used. 
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STOP-PINS FOR PRESS-WORK* 

The Btoii-i'ln octupiea a [losltion of muLh imiiorianre among the 
accessories Of the blanklne die. Upon 11a design and adjuatmenl de- 
pend tioth the quality and the qiiantily of the output of the press. 
Hence II Is fitting that some attention be given to the consideration 
of It. By proper selection from the types to be described It Is possible 
lo secure a large output of blanks without recourse to more expensive 
apparatus. The several forms of stop-ptns enumerated in the follow- 
ing list Dili be described In order, their proper uses being noted, to- 
gether with their merits and taultsr The plain flued stop-pin: the 
bridge etop-pln; the siinple latch: the spring toe latch: the side swing 
latch; the positive heel and toe latch; the gang starting device. 

These devices are capable of giving, under the proper conditions. 
(be maximum outpni of blanks. With the exception of the flrst, they 
can be used wUh eithpr hand teed or automatic roll feed. 

The Idea] output of one blank tor every stroke the press can make 
In a day is never realized, with single dies. The delays which arise 
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rrom so many Eourc<?B haw to be studied carefully and eliminated eo 
far as they contribute lo unnecessary expense. In addition to Im- 
proper design and poor adjustment of the stop-pin, other causes of 
small output are: Lack of skill: inconvenient arrangement of the 
new slock, the blanks and the scrap; Inefficient methods of oiling the 
stock: fthd poorly made or poorly designed dies. A skillful operator. 
If given a little freedom, will usually arrange the stock distribution 
quite well, but the design and adjustment of the dies and the Btop- 
pin usually devolve upon the toolmaker. 

Plain Fixed Stop-pin 
The plain fixed stop-pin, «h!ch is the simplest form. Is Indicated 
In Fig. 33. With It the operators become so expert that they are able 
(or several minutes at a lime to utilize every stroke of a press mak- 
ing ICO revolutions per minute. This stop Is best suited to the use 
of strip stock In simple dies, because a miss will then cause no serious 
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delay, The time between finishing one atrip and starting the next 
aflorda the necessary rest for the operator. The ooncenlratlon required 
1b very Intense — especialLy for the novice. When but a tew blanks are 
made from a die at one time, and wben changes of dies are frequent, 
this Bimple stop-pin is the most economical. Of course, It would not 
be feasible to use this stop-pin for rolled stock and expect the operator 
to finish the coll without a rest or a miss. There Is. however, one 
method of using this Stop which permitB of a maximum output: that 
is to allow no metal between the blanks. Then the atop-pln will ex- 




tend clear up to the die and be high enough so that the stock cannot 
Jump It. Each blank will then part the scrap at the stop-pin and 
allow the stock to be pulled along, to its next position. This arrange- 
ment ta shown in fig. 34, with the stock parting at the pin P. This 
method la widely used on simple worl: where the edge of the blank 
does not have to be perfectly uniform. Where the die has least to cut 
It will wear away most on account of the thin pieces of stock that 
lyowd down between the punch and the die. Small drawn eups are 



Ihr 



made in this wav The blank 1e cut by the first punch and held by It 
while a second punch «lthln the first, draws the blank through an- 
other die and forms the cup This la shown In Fig. 3a. The stock 
feeds to the right and each cup as formed, pushes the one ahead Of 
It through the die as indicated by the doited lines. 
Bridse Stop -pin 
The bridge stop-pin, shown In Pig. 36, la perhaps the moat efBclent 
and easleat to operate of all. It is also the simpleat In design. The 
atop^pln F projects downward from a bridge B that extends over the 
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JCk whicb is being fed to tbe left. Provision is made for ihe blank 
(or scrap, as the case may be) to fall out under the bridge. Its use 
1h limited, however, to that class of ivork which cuts the stock clear 
across and uses its edges as part of the finished blank. As here shown, 
the scrap Is being punched through the die, and Iht blank when cut 
fails down the inclined surfai'e shown. When (lie blanks are simpler 
and have straigtit ends, the die may be eo arranged tbat each stroke 
finishes two blanks, one being punched through the die and the other 
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lor; he aimply lias to be s 
each Btroko- 



.iulc skill is required of the opers- 
ish the stock up to the stop-pin at 



Tbe Simple Latch 



The simple latch is shown In Fig. 3T. 
pllot-plns. The lalch Is lifted by the d 
is lowered again as the punch rises. Hi 
with dies without pitot-pios, tbe punch 



It Is suited for dies that iiave 
own stroke of the punch and 
mce It la evident that, If used 
oust reach the atock and hold 



It before the latch lifts. When lla lifting Is thus delayed it v 
before the punch « Ithdrawa from the stock and will fall in the same 
place It lifted from. The slock will then not be fed along. But it a 
pilot-pin Is used, it may be set so as to enter the guide hole Just before 
the latch liris. The latch may be set lo lift before the punch reaches 
the stock. It will then fall after the punch withdraws from the stock. 
and sufficient time may be allowed for the operator to feed the stock 
along. This device la best suited for use with automatic teed rollers 
b«cauae the llmtng of Ihe operations would be more uniform; whereas 
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if the operator does not pull ihe stock with uniform speed the latch 
is apt to drop too soon or loo late. Another manner of operating this 
simple latch Is to give It Its motion by means of a cam or eccentric 
ott the press shaft. When tbos driven Its motion can be very csre- 




Tully timed. Irrespective 
for automatic roll teed. 
nltachment. 

The Spring- Toe Latch 

The Epring toe latch Involves but little change from the simple 

latcb. Fig. 38 shows It clearly with an enlarged detail of the sprlne 
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Is hs tollcns: Ah the punch lowers and starts to cut the blanb, an 
sdJastaWe screw on the ram or punch plate lifts the latch. Its spring 
toe snaps forward and when the latch lowers, It rests on the acrap left 
between two blanhs; hence it cannot fall back into Its former place. 
When the operator ptills the stock along, the latch toe drops Into the 
Deit bole and brings the atock to a stop at the proper point, compress- 
ing the light spring £ as It does so. This design Is simple, rigid and 
effective. The spring loe here.ahown Is preferable to the design whicli 
follows because It is light and requires but little tension on the stock 
lo bring it to a stop. 

The Side Swing Latch 
The side swing latch is shown in Fig. 39 and Is hut a modlflcation 
ot the latch shown In Fig. 3S. When the punch descends, an adjust- 
able screw hits lever L and lifts the latch. The whole rod R then 
springs forward till collar C stops against B. When the latch lowers 
It rests on the stock as did the spring toe latch. As the stock Is 
puiled along, Ihe latch drops Into the nest hole and acts aa a stop 
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be greater than 



with the spring toe laich, because the whole rod It has to be pulled 
along against the spring Q until collar D stops against E. U this de- 
sign were modlQed, bowever, so thai the side bearings would be used 
OI1I7 for allowing the lalch to swing, the toe could be constructed like 
the sprlne toe latch and would then he quite as elTectlve as Ibis type. 
though not so rigid. 

FoBiCbve Heel a.nd Toe Latch 
While the two previous automatic stop-plna rely on gravity or a 
spring lo bring them back In position. Ihe heel and loe latch Is poal- 
tlvely operated. It Is shown in Fig. 40, with the stripper removed. 
Its distinctive feature, which recommends it for use on a large vsri- 
etj ot work. Is that It Is Impossible for the stock lo slip by it faster 
than one blank per strobe ot the press. This Is a very important 
matter when combination or gang dlfea are being used, because the 
pllot-plns so widely used require the guide holes to be punched ]ust 
■head of them. If the stock slips too far, the guide holes pass he- 
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yond the [lilot-plns. and when the punch descends, the pilots punch 
ilielr own holes, throw down a heavy burr and cause a delay — ir noth- 
ing more serious. 

Fig. 41 ahow-9 the catch In position to stop the movement of the 
stock at Its point A. The stock is feeding to the right. The conical- 
pointed pin B Is pushed by the spring S so that It engages a conical 
depressIOQ C In the end of the cateh. By this means the toe of the 




calch Is pressed ngalnat the die. Ah the punch descends to cu\ th« 
next blank, an adiustable screw on the punch plate presses on Ihi. top 
of the catch at D and causes the heel to lower and the pin B to dis- 
engage the notch C. The position of the latch Is now shown by FlB. 
42. Its heel E has been lowered into the bole left by the previous 
blank. It fs held In this position by tbe pressure ot the point of B. 
While this Is Bufflctent to hold the catch In Its new position, It oOera 
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but Utile resiBtance lo Its return to its original poaitlon. The Btotk 
may now be moved along. The metal A', left between two BMceesaive 
blanks, engages tbe heel E ot the latch and UftB it easily. Thia causes 
the notch C lo engage with Ihe pin B and tbe catch snaps back Into 
its first position. The toe A falls into the new opening R. and \r 
comes lo a stop against It. Slnt'e the metal E. between two sut'cessive 
blanks, cannot pass the beel ,of the latch without raising It, and since 
the heel E cannot rise without lowering the loe A far enough to 
catch Ihe stock. It la evident that the action Is positive. Hence the 
slock cannot jump ahead faster than one blank at a (ime. In con- 
structing a stop of this kind, care must be taken to allow under the 
heel E. Fig. 41. but little more height than the thickness of the stock. 
The length of tbe catch from toe to heel should be less than the open- 
ing left by one blank; then ibere will be no difficulty In starting the 
new ends ot strips or coils. If necessary, however, the catch may be 
made so as to measure a Utile less than two or more openings in the 





Stock. In such a case the catch would have to be tripped by hand 
until the flrst piece of stock K. between two blanks, had passed under 
the heel E. Thia would cause delays which would amount to consld- 
erabie In the caae of atrip stock. 

This style of stop-pin has been used auecesstully with gang dlea 
cultlDg blanks from brass 1/32 Inch thick, and cold rolled steel 1/fil 
Inch thick. In the case of the steel blanks, reels were used and Ihe 
scrap was wound on a reel as it came from Ihe die. By keeping Ihe 
proper tension on tbe scrap, Ibe stock was pulled through the die and 
kept against the stop.pin. Four thousand blanks per hour were made 
by this means. In view ot the fhln slock used and the fact that the 
dies were of the comblnallon type, this was considered very good. The 
stop-pin had to be set accurately because Ihe thin Block prevented the 
pliot-pins from shifting It much In aligning if. Other precautions 
taken on account of the thin stock were to make the toe broad and to 
lit tbe stripper dose lo the front edge of the toe. 
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The Gangr Startingr Device 

The devices so far described serve to stop the stock when it has 
passed the blanking punch. But there are many cases where two or 
more operations are performed on a piece before it reaches the blank- 
ing die and the usual stop-pin. The operator usually gages the proper 
positions by watching the end of the stock through openings in the 
stripper, but it is better to have temporary stop-pins that can be used 
for that purpose. Fig. 43 shows a starting device for a gang die with 
two punches. When starting a strip the button B should be pressed. 
This brings Into action the temporary stop 8, which locates the stock 
properly for the first operation. It is then released and springs back 
out of the way. The stock is then advanced to the regular stop-pin. 
As many of these side stops may be used as are necessary. Not only 
do they save annoyance and time, but they add to the life of the dies 
by preventing the partial cuts due to the stock entering too far at the 
start. 
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PRACTICAL EXAMPLES IN DIE DESIGN" 

A few years ago, «lial is dow the Providente Mfg. & Tool Co,, Of 
ProvideDce, R. I., bcgau the manufacture of a mecbanlcal accouaiaat. 
the invention of Mr. Turek, the present superintendent of tbe shop, 
Mr. Turck'a experience, so far as shop work and tool design la con- 
cerned, had not been in the direction of die-making, so that in equip- 
[illig tbe new plant for the manufacture of the accounling machine he 
was at first hampered by bis lack of knowledge on this subject. The 
die work required uas of a liigh order. Tbe vonslrucilon of macblnea 
of [bis type Ig often sucb that errors are cumulative. Several similar 
parts are used, attached to each other In series, for Instance, in such 
a way (hat it tbe boles by which tbey are riveted to each olher are 
slightly wrong in their dimensions, the error will be multiplied by 
Ibe number of parts. Tbe machine depends for its operation quite 
largely on the action of pawls upon tine ratchet teeth, and on the 
meshing of line pitched gears and toothed segments with each other. 
The effect of cumulative errors in such circumstances would he to 
throw these fine pitched ratchets and gears out of step, and make tbe 
operaUon of the machine Impossible. Long leverages are also a dis- 
turbing factor. When a long, slender member is located by two rivet 
boles close logelber. It takes careful work In punching those rivet 
holes to bring the parts Into alignment. In the following some very 
Interesting tools, used mainly for blanking purposes, but also for bend- 
ing and other operations necessary to complete tbe product, are shown. 

In tbe halftone In Fig. 44 are shown a number at press-made parts. 
Some of these are Interesting In themselves, while others are remark- 
able principally for tbe methods used In producing them. Part No, 12, 
tar Instance, Is a very simple piece, hut the punch and die used In 
piercing the holes, while not unusual so far as surface appearances go, 
will serve well to illustrate some of the original practices of this shop. 
This punch and die, shown In Fig. 46, perform tbe simple operation 
ot punching the nineteen small holes In the blank, which Is located 
over die A by the carefully fitted aperture in jacket B. The punch 
1b composed of a body C, a cast-iron holding plate D In which tbe small 
punches E are driven, a stripping plate F. held as shown, and forced , 
outward by the compressed rectangular ring O of rubber behind It. 

The Conetruction or e, Plerclne Punch with b. Novel Stripper Plate 

The making at this punch and die follows. In general, tbe order 
given below. Stripper F is first made ot tool steel. The boles for the 
dowels H are next drilled. Then tbe holes through which punches B 
pftSB are laid out from a model or drawing, as the case may require, and 
drilled to a larger diameter than the punches whieh are to pass through 
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PRACTICAL EXAMPLES IN DIE DESIGX 

Ihem. After these boles bave been drilled, the plate ia hardened and 
ETOund, and the holes titr the punches are filled up again by driving 
3 ibeni plugs of tool eteel wire, of suitable Eize, The location of 
these holes Is now laid out again on plate F. and this time very c 
fully; then they are finished lo the exact size, or slightly below, If 
they are to be lapped. Since the body ot the plate Is hard, 

e in or wear aa It would it left aofl, A full bearing on the stoclt 
be blanked Is absolutely necessary if the work is to he well done. 
The plugs allow the plunger holes to be located after the hardening 
cf plate F. (hereby preventing diaplacement from the heat Ireatment. 
To the stripper plate are now riveted the four dowels H. which enter 
boles In the stripper rira or "collet" j. and locate the plate. Small 
round-headed aet-serews bear on pins H and hold F and J together. 
Punch holder V), of cast Iron, Is machined to fit closely In collet J. and 

3 holes for the punches are transferred to it from stripper plate F. 
The puiichea E, made of tool steel wire, are now driven Into the holder, 
headed over at the back elde, and ground flush. The punches may 
then be hardened In the usual manner. Before being assembled on 
the punch body C with the rubber spring G, a hardened steel Ijacklug 
K Is Inserted between D and C to take the thrust of the hardened 
punches. 

The rubber spring O la cut from sheet aio«k and roay be made either 
from separate strips built upon each ol the four sides of the punch, or 
from rectangular rings, it that can be done without wasting the'stock. 
Screws L are adjusted to bring the face of the stripper flush with the 
faces of the punches, after which headless set-screws If are screwed In 

> make the adjustment permanent. Screws L may then be taken 

it and replaced without losing the adjustment. The punch bolder n 
and pad K are held to the holder by screws X and dowels 0. 

A Pterclnar Die with Inserted Tool Steel Pluya for Cutting EAgaa 

The body A of the die Is made of soft steel or cast iron. In this 
body are driven standard taper plugs of tool stee! of suitable size, and 
HO arranged as to he in position to furnish a tool steel material for 
all the actual culling surfaces of the die. In the case shown In Fig. 

, nine of these plugs are used, carrying from one to three holes 
each. In making the recesses for these plugs standard tciols are used. 
The seats are flrst drilled nearly to size, and then flnlshed with a 
tapered end mill or counterbore, which Is kept carefully ground to 
the proi^r dimensions, so that when the plug ia driven in until it 
binds tightly on (be taper, it will also seat on the bottom. These 
various plugs P are prevented from turning lu (be holes by dowel pins 
Q. In moat cases, or, where the phigs run Into each other tag shown 
In two cases in the die here described), by the Interlocking of the 
fiat abutting surfaces. These precautions make it possible to remove 
the plugs at any time and return them accurately to their original 
positions. 

The die plate A having been flited with Its plugs as described, the 
lioles in stripper plale F are now transferred to II by any aultabia 



40 



No. tj— BLANKING DIES 



means, all these holes being I'ccclveil in the tool steel plugs as ex- 
plained. The plugs may now be removed, to be hardened and lapped 
separalely. The clearance holes (or the snap are drilled, and the 
plugs are returned to their proper places. The jacket B, which locatee 
the blank on the die, may, i( desired, be punched from stock of eult- 
abla thickneEB by the blanking die used for making the blank to be 
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operated on In this piercing die. The edges o( the opening are then 
merely filed enough to allow tlie work to enter and he wlfhdrawn 
easily. A slanting groove, as shown at a. la cut with a round file Into 
the jarket at one end to permit the Insertion of a pick or awl to re- 
move the work. 

Tbe polntH of Interest In this die are; The rubber*backed stripper 
plate; tbe uae of a soft stripper plate bushed in the manner described 
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Willi hardened tool eteel; and tbe losertlon ot plugs of tool sleel in 
a soft die block to lorm tbe cutting edges of tbe die. 

Tbe rubber spring baa proven very satisfactory. It will last tor a 
number ot years In dies having ordinary use, If It Is not exposed to 
oil and other deterloraltng Influences. Being in tbe upper member, 
there is little tlkellbood of Its being spoiled In ihla wajr. Tbe use 
of this stiffly sprlng-supporled Btrlppcr plate gives a punch and die 
of the design shown all the advantages ot a sub-press, so tar as oon- 
cerna tbe ability to punch Email holes In thick material and leave 
thin walls of metal between open spaces In tbe punching. As evl' 
dence of tbe ability to do work of this kind with a punch and die of 
tbe style just described, parts T and 10 in Fig. 41 may be particu- 
larly noted. Here the holes are considerably smaller In diameter than 
the thickness ot the stock, and the Internal spaces have been punched 
so close to the edge. In places, that the remaining section is narrower 
than It Is ihick. 

The method ot bushing the stripper plate by drilling tbe holes large 
originally, plugging them with tool steel wire alter hardening, and 
redrllllng them to the proper size, makes It possible to harden (he sur- 
faces in contact with tbe work, without distortion of tbe dimensions 
betweeD the boles. Platea of large size, even, are made In this way. 

The advantage claimed (or the method by which the stripper plate 
Is made may also be claimed for the use of hardened plugs In a soft 
die body, since it Is possible to harden these parts indlvidi;slly wllh- 
(lut changing tbeir location with reference to each other. In &1dltlgn, 
both of these schemes allow changes 1o be made In the die£ with a 
minimum ot trouble and expense. It It Is desired to change the loca- 
tion ot a bole In the die. the old plug may be removed and a new 
one inserted. In the same manner, new holes may be drilled In the 
stripper plate In which new tool steel wire plugs may be driven tor 
new guiding holes tor the punches, although the change Is limited 
by the size of the plugs. This consideration Is of considerable tni' 
liortanco If the parts manufactured are subject to Improvement from 
time to lime. This provision reduces the expense ot spoiled work a^ 
well, since it la not necessary to throw away an expensive press tool 
If one or two ot the holes are wrongly located. 
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It will be noted thai part No. 12 In Fig. 44 (for which the punch 
and die just described were designed) Is made In three operations. 
Under ordinary conditions, experience seems to indicate that this pro- 
ledure is preferable to the use of the sub-press. The rubber spring- 
supported stripper plate, as just described, gives all the advantages 
of the sub-press, go tar aa ability to do line work on thick stock Is 
concerned. Slender punches are supi)orled by the stripper In the same 
way as In the sub-press; the rubber spring holds tbe stripper so 
firmly onto the work that the distortion of thin stock is prevented. The 
sub-press certainly has the advaniage of ease of setting In the ma- 
chine, since it is not necessary to carefully line up the punch and die. 
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which are In permanent alignment. It Is poHslble, however, that the 
bigh initial cost of the sub-press would in many cases more than pay 
Tor the extra wages of an experienced and careful man In setting up 
tools during the lifetime of the punch and die. It must also be ad- 
mitted that work cannot be done as rapidly with the three sets of tools 
necessary (or making the piece in the manner here described, as 
would be possible If a sub-press were used. The saving In first coat, 
however, aod In the cost of subsequent operations. Is believed to be 
eufBclent In the case of tbe Providence Mfg. & Tool Co. to show a 




balance on the right side of the sheet for the simpler form of press 
tool. It should be said In this connection that this firm freely makes 
and uses tbe Buhpress die. 



Tlie Tbickeolni 



of Comers Dmmi o 



An operation of particularly great Interest Is a coining process used 
for reshaping the points of gears, ratchets, eic. — such parts, (or In- 
stance, as are shown In samples 4 and 6, Fig. 44. In sucb a piece as 
No. 4. whatever the design of the die, the blank produced will be 
found to have the points drawn down thinner iban the stock thickness. 
To bring tbe part back to uuKorni ihlckntsa with sharp points, tie de- 
vice shown In Fig. IT is used. Here we have an attachment to a 
hand screw press. The body A }b fastened to the bed of the press. 
The screw B projects through the bed and carries at Its lower end a 
handle C, which Is adjusted to one side or the other to bring it In 
position to be swung by the foot of the operator. In a counterbore 
!n body A is seated (he plug D and the ejector E. D and E are (orced 
upward by the action of screw B. At f Is a die, givpn Ihe shape de- 
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sired for the outline of the flnlsbed part; It is sIlBbtly eolarged. how- 
ever, [or a Bhort distance at its upper end. The part as It leaves the 
blanking preee Is purpoeely made a little large In oulUne at the polnta 
where tlie thinning occurs, due to the drawing out of the stock. When 
the piece Is Inserted by the operator In the upper end of this tapering 
die. the extra metat thus provided Is forced loward to thicken the 
points to the required amount as the punch Is brought down upon 
the work by the band of tlie operator. When the piece has been forced 
to the bottom. It Is clamped between the plane surfaces of ejector E 




acteriBtlc ol this shop. It Is the belief of the auperintendent that 
better results can be obtained at limes by laethoda like that shown. 
Ihan by more ■'modern" ones. The aim Is, through careful worknian- 
Bhip acd careful Inspection, to have the parts so nearly right wbea 
asEembllng time comes, that no fltllng will need to be done in the 
assembled machines. No tlttiDg la. in fact, allowed. Certainly the 
method described for striking up the cornerB □( these ratchets is a 
much less dangerous one than would be the 
used, so the Idea has its advantages, so far 

A Tjrpical Sbaving Die 

In such parts as are shown at 3 and 11 In Fig. 44, the ratchet teeth 
And gear teeth are only roughed out In the blanking die, being Oulshed 
by a second cut or "shaving" process. A typical die and punch for 













this operation are shown in Fig. 48. Here, as in Fig. 46, the work 
Is held by a rubber spring backing while the punch la at work. The 
die Is made of a sotL body A. In which is inserted the hardened piece 
C carrying the cutting edges which are to form the ratchet teeth on 
the work. This piece B has Ita teeth cut on it In the milling machine, 
the hole at a serving to tenter the piece for this operation. This gives 
aaaurance that the teeth will be properly spaced, and cut accurately 
to the proper radius, A rectangular opening with carefully machined 
sides is made through the die block A. Into this opening the toothed 
cutting edges of piece B pro]ect. As In Fig. 4fi, a "jacket" C Is pro- 
vided for locating the work over the cutting die. The punch D Is set 
into a holder E, which in turn is fastened in the ram of the machine. 
A projecting guiding surface, b. on the punch, enters the rectangular 
opening In the die and bears against it on the back and aides. This 
keeps the cutting surface of the punch up to Its work against the 
cutting edge of the die. As shown, the cutting edge of the punch Is 
beveled. This gives a slight top rake to the edge, and produces a 
shearing cut as well, the outer comers coming into action before the 
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Kcenter of the outline reaches the stoch. The rubber spring backing 
I.St F is held by screw G between the preaaure block H and the punch 
^bolder E. It performE the snme functions as the stripper plate In the 
I «ther die. 

BoDdlns Punc&lnee to Provide Double Bearings 
It will be noticed that samples 1. J, and S In Fig. 44 have been made 
on the principle of bending the punrhlngs to give a double bearing at 
pivotal points, the long bearing Insuring lateral steadiness of the 
part without roaKlng It neceBeary to resort to the use of eastings with 
long hubs. This principle is carried out throughout the calculating 
machine which is this firm's principal product. In some cases, espe- 
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daily where the pivot holes are punt^lied previous to bending, as la 
Ihe caee Id sample S, very accurate work must be done in the bend- 
ing to bring the part to exactly the right form. In the sample referred 
to. for instance, the ratchet leeth on one side and the gear teeth on the 
other must bear a definite relation to each other, and to the axle 
ftbout which the part rotates. The bending tools by which the torra- 
Ing operation la performed for this part are shown In the halftones 
In Pigs. 49 and 50 and Ihe engraving Fig. 51. Referring to Fig, SI, the 
blank for part S (shown at No. 3 In Fig. 44 before the piercing of the 
pivot holes) ia laid on top of former A. where It Is located by the 
pins BB which enter the pivot holes. In this position the part Ilea 
between the fixed Jaw C and the movable jaw D. which are then 
Clamped together on the blank by bringing handle E to the position 
Elioini, irtiere Its wedge-shaped cam surface 6 has entered between the 
lODf endd of the jaws D and C. and brought the outer ends together. 



46 



No. 13— BLANKING DIES 



Tbe Jaws D and C and lever E are atl attached to tbe holder F. whicb 
la a Bllding fit on three vertical posts O. fast to the base H at the fli- 
ture. Slide F is held to the upper extreme of tlie travel against tbe 
lock nuta and nasbers at the top or posts G hy spiral aprings / at each 




poaL These parts are shown to good advantage in the halftone. Fig. 

49. ^ is a plunger mounted la the ram ot tbe press. It bears on fln- 

lehed proJectfoDB od glide F at three points as showD, while the hard' 

d part L beara on the top of lever D. directly over the work. When 

vai L strike slide F and lever D In their descent, they carry with It 
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) allde and Its a.ttached levers, and the work as well, agalnet the 
■ slight resistance of springs J. The worh grasped between the levera 
Is thus carried down through the opening In die A. This action 
serves to bend the part to the form dcatred. Fig. 50 shows the oper- 
ation completed. As shown, this work Is done In a hand screw press. 
This is another example of manufacturing meLhods which at Srst 
Bight seem rather crude, hut which have proved, In the opinion of 
the superintendent of this shop, to be most satisfactory, his contention 
of greater accuracy and more uniform results from such methods 
I applying particularly in the case of forming operations of this kind. 
The piece Is ejected from the tool at the completion of the bending 
by lever Jf, which ihruats forward the ejector .V. This ejector la at 
Its working end slightly less In thickness than the stock of the punch- 
Ins operated on, and Is thus able lo enter freely between the jaws 




uid eject the work. In ihia tool, members A. C and D are changed (or 
different parts, the rest of the structure being the same, and serving 
s number of different operations. 

A Die for Double Punching- 

In the case just described, where dout>te bearings occur, the holes 
ire punched before bending. This is not always the case, however. 
In samples 1 and 5 in Fig. 44, the parts are first bent and then 
punched, the operation being performed tn a very interesting way. 
The punch descends and makes the liole In the upper thickness of 
tbe stock. Continuing through an intermediate die, and carrying 
before it tbe punched-oul stock, it arrives at the second or lower 
thickness of stock. The continued movement of the punch then presses 
the little plug of puncbed-out metal through the lower thickness of 
Stock, and this forms the second hole. Strange lo aay, it has been 
found tn practice that this second hole is generally tbe better one 
et the two, even though It is made with a soft plug of steel Instead 
of with a hardened punch. 

The engraving Fig. 4S and the halftone Fig. 52 show the double punch- 
ing tools used in making the pivot boles In sample 1, Pig. 44. This, It 
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will be seen, is a progressiva operation, all the parts In the lot being 
punched tor one of Ibe boles, after wbieb the die la altered and tb« 
next hole in order is punched In all parts— and so on. The piece 
to be operated on la located lerglhwise by Bllpping it over a sa«e 
pin In Elldlni; blork A. whici) may be adjusted to any position on 
slide B to suit the hole It Is desired to punch at the time. Being lo- 
cated on block A In the manner described, it Is swung around until 
the Intennediaie die C enters the channel formed by the two sides o[ 
the work. Cam lever D ts then swung to the position shown in the 
engraving, where it has brought clamp lever £ against the stock, hold- 
ing It firmly in position tor the operation. The punch f Is a simple 
turned piece of hardened steel, held by a taper pin In punch holder G. 
It Is surrounded by a stripper B which la screwed to a holder J. backed 
by the usual rubber spring at K". This serves to bold the wort flrmly 
during the operation, and strip the work from the punch when It re- 
turns to its upward position. As before described, the punch in Its 
descent breaks through the upper thickness of stock, carries the plug 
of soft metal thus formed before It until It comes In contact with the 
lower thickness, where it forces the plug through, and forcos the 
lower hole. It will be noticed that intermediate die C. though held 
firmly, so tar as displacement horizontally In any direction Is con- 
cerned, Is yet provided with a rocking face where It bears on the body 
of the die L. This arrangement takes the strain of the punching from 
the slender intermediate die, which Is thus bent downward until It la 
firmly Fupporled by Ihe stock of the part being worked on beneath It. 
For removing the work after the operation, an ejector M is provided, 
with a handle X. which operates In a way which will be easily under- 
Btood from an inspecilon of Fig, 52, It Is not shown in Fig, 45. haTiog 
been added at a dale later ihan that of the drawing from which this 
cut was made. 

Practice in HordenJnK Punches 

Blanking punches are hardened in this shop In a way that Is orig- 
inated here and not practiced elsewhere, at least not to any great ex- 
tent. After the blanking punch has been cut into the female por- 
tion of the die. and finished ready for hardening, it Is placed in the 
fire and brought to a slightly lower heat than ordinarily used for 
hardening clear through. Cyanide is then deposited on the parts of 
the too! to be hardened—that Is. on the periphery o( the cutting edge. 
It la allowed to "soak in," It someiimes being necessary to apply 
cyanide two or three times, depending on the size and bulk of the 
punch. It is then again brought to the proper heal, which should be 
a little lower Ihan Is ordinarily used for hardening clear throu|:h. 
Then It is quenched In oil. With large and bulky pieces It Is first 
necessary to immerse the work In water as a preliminary ccxtling 
operation. This Immersion should merely be a dash into the water 
and out again, after which the piece Is put Into the oil until cooled. 
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MAOHINEBY'S DATA SHEET SERIES 

fERT'B Data Sheet Books include the well-known Bsrles of Data Sheeta 
eU tiy MA<.*iiiM':Ry. and 1esu»] montblj' as supplement to the piihllcatlon; 

D»tA Shci-U over SOU bave been publlsbed, and 6.UO<i,O0U copies aold. He- 
ld groatly anipimej. they are now preaented In book form, kindrt'tl sub- 
line eroiipfd together. The purchaaer may ei-i'iire either the books oD 
lti]ei^t« In wblrb he Is specially IntersBted, or. If he pli'aats. the whole (wt »t 
dI eaci look ta 25 centa (one ahVlUti&J (1*:\\'(m«4 ^xi-j-wV-etts 
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ELEMENTARY PRINCIPLES OF CONE PU1lLEY3 
AND BELTS* 

Bveryone knows that cone pulleys are usually made with regular 
Steps: tbat Is, it IL is one Incb trom one step to tbe Dext, it Is also 
one tnuh Irom the second to the third, etc., the reaeon being thai 
when the ceniera of the sbafta on which the cones run are a [Blr (Us- 
ance apart, the belt will pass very tifarly half way around that part of 
each cone on whlcb It ie running, and the length of the belt will con- 
sequenlly be approximately equal lo twice the distance b«tweeD the 
ebafta. added to half the ctrcumferetice of the grade of one of the 
cones OD whlcb It is running, and half the clrcum fere ace of the grade 
of tile other cone on which it Is runnlug. As the steps are even, tbe 
half circumference of any two grades of each cone will, when added 
together, produce the same result. For example. If we had two cones, 
the diameters of the several grades of which were fl. 8, 10 and IZ 
Inches. It ta evident ihat the sum of half ibe diameters taken anywhere 
along the cones, as they would be set up for work, would in every case 
be tbe same. If tbe diameters are tbe same, tt follows tbat the 
cfrcumteTeiice must also be the sams, and, of course, that half the 
circDmference must be the same, so that when the centers of the shafts 
are a fair distance apart, and the dlSereitce between the largest and 
smallest step Of tbe cone not too great, the same belt will run equally 
well anywhere on the cone, because It runs so near half way around 
each grade of the two cones on which It Is running, that tbe slight 
difference la within the practical limit of the stretch of the belt. 

But when tbe shafts are near together, and when the difference 
between tbe largest and smallest step of the cone la considerable, the 
belt is not elastic enough to make up this difference. Fig. 1 shows a 
three-step cone, the grades being 4, IS, and 32 Inches diameter, re- 
spectively, there being a difference of 14 inches on the diameter 
for each successive grade, and the step being therefore 7 inches in 
each case. Of course. It Is not likely tbat such a cone as this would 
be made for practical use, but it Is well to go to extremes when look- 
ing for a principle. Now. it Is evident tbat two cones, even If like ihe 
one shown in the cut. were set up tar enough apart, they would still 
allow the belt to run very nearly halt way around each grade of the ■ 
two cones, the angularity of the belt would be slight, and the length I 
of belt would therefore stltl be as mentioned above. 

But (again taking an extreme c«se) by reference to Fig. 2. which Is 
intended to represent a belt running trom tbe largest grade of one cone 
to the smallest grade of the other cone, we see that tbe belt runs 
three quarters of the way around the large pulley, and only one quarter 
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at the way around the small one, tbe dlalance between the Bhafts In 
tbls case being 19% Inches. 

The length of this belt will evidently be equal to three quarters of 
the dislanre around the large pulley, plus one quarter the distance 
around the small pulley, plus tbe distanpes A and B. which we find to 
be each 14 Indies. The circumference of a 32-lDch diameter pulley 
Is 10014 inches, and tbe circumference of a 4-lncb diameter pulley is 
12% Inches (near enough for our present purpose); three quarters of 
100% Is 7&%. and one quarter of 12% is 3%; the length of a belt, then, 
to go around a 4-liich pulley and a 3Z-inch pulley, running at a dis- 
tance of 19% incbea apart. Is n% plus 31^ plus 14 plus 14; total. 106% 
inches. 

Now, let us take the middle cone, when the belt Is ninnlng on two 
pulleys, both IS Inches diameter (see Fig. 3). and. of course, the same 




distance apart as before. Tbe circumference of an Ig-incb puUey Is 
6S% Inches, and half tbe circumference of two IS-lncb pulleys Is evi- 
dently the same as the whole circumference of one IS-lnch pulley; 
the length of belt In this case will then evidently be 56% plus 19% 
plus 19%: total, 96 inches. It Is tberefore evident tbal a belt long 
enough to run on a 4- and 32-lncb pulley. 19% inches apart. Is 10% 
Inches too long to run on two IS-lncb pulleys 19% Inches apart, and. 
of course. It is therefore 10% Inches too long to run on the middle 
grades of such a cone as we have under consideration. 

The thing to do, Iben. Is to make the middle grades of these cones 
(or the two 18-Inch pulleys) enough larger than ffi inches diameter 
to Just take up this 10^ Inches of belt, and It this were the only 
case we had to deal with. It would be very easy to settle It by saying 
that as half the circumference of two IS-Inch pulleys is the same as 
the whole circumference of one 18-inch pulley, we should make the two 
18-lncb pulleys enough larger In diameter to make an additional cir- 
cumference of 10% Inches; and as 3^ Inches Is nearly the diameter of 
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a IOH-IdpIj circumference pulley, by mahing the middle of both c 
IS plus 3% inches diameter (that Is. 21% inches diameter) our trouble 
nould be ended In ihia particular case. It is easy enough to see, by 
looking at Pig. 2. that tiie belt Iwlng obliged to go three quarters o( 
the way around the large pulley, la what malies it so much too long 
to go arouDd the two middle pulleys, where, of course, it goes hut halt 
way around each. But. o( course, what we want is some way of eal- 
culatlng the diameters ro turn any pair of cones, running at any dis- 

If we were to draw these same 32- and 4-inch pulleys twice 19% 
incbee apart, and then three times V3% inches apart, and so on, until 
ne got Lh«m far enough apart so that the belt would practically run 
hair way around each, and should calculate the diameter of the middle 
grade of the cone to fit each distance, we would probably formulaie 
a rule that would work tor any distance apart, with this particular 
le; but as it is evident that the further apart the cones are to run, 
the nearer to the nominal diameter of 18 inches must the middle of 





Fig, 3 

PS he turned, so also must it he evident that the less difference 
betneen the largest and smallest diameter of (he cone, the less must 
also be the excess over nominal diameter of the middle of the cones. 

Any method, then, of calculating such problems must take both of 
these things into consideration. The nominal diameter of the middle 
of any cone will be equal to bait the sum at the diameters of the 
largest and smallest part respectively. This Is almost self-evident, and 
no prool of it is necessary in this connection. What we want, then, Is 
some way to find out how much larger than the nominal diameter tn 
turn any one cone or cones to lit the conditions under which they are 
to run. The following (oraiuln Is the result of a thorough investiga- 
tion of Ibis subject by Prof. Rankine, and has proved Itself to be prac- 
tically correct In the shop, as well as satisfactory to those mathemati- 
cians who are competent to criticise it. This formula is: 
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2, and added to this tie dlfferenre in radii between the largest and 
Bmallest part squared, and then divided by twice the center dlsteme 
between the cones mnJllplled by 3.1416. That Is, the first half of the 
rortnula gives the radius at the center of a cone, n'hen the largest and 
ematlest radii are known, and, of course, if cbe middle radius Is equal 
to the smallest radius added to the largest radius and the sum divided 
by 2. It follows thai the middle diameter Is equal to half the sum of 
the diameters of the largest and smallest part, respectively, as men- 
tioned before. The second part ot the formula allows us to calculate 
how much larger than this nominal diameter to make the middle of a 
cone, no matter what the size or center distance. 

Applying thlB formula to the rase of the cones shown In Pigs. 1, 2 
and 3. we find the radius of the middle of the cone to be 10 e/10 inches, 
or, what Is the same thing, the diameter to be 21 2 '10 Inches, which. 
In view of the extreme case under consideration, is very near the first 
result obtained (21%). and shows that the formula Is perfectly safe In 
any case likely to occur In practice. 

When this formula is reduced so as to express the numerical value 
of diameters Instead of radii. It takes the following form: 

Diameter at center of cone^ 1 , 

2 12^C 

the 12',^ being the nearest value In plain and easy figures to which 
the quantity containing tt in the original formula can be reduced. 

Applying this almplifled formula to the cone which we have been 
considering, it will be found that the middle diameter Is 3t2/t0, the 
same aa by the original Rankine formula. 

If a cone has five steps Instead of three, It will be practically forrect 
to add half as much to the nominal diameters of the second and fourth 
grades as was added to the middle grade, or. If It has four grades. 
add two-thirds of what is found hy the calculation to the second and 
tbird grades (as there is evidently no middle grade), If more than 
lour or five grades, add to each grade according to the same principle. 

We have so far been considering two similar cones, but it often 
happens that one cone Is larger than the other. In such case the 
problem becomea a little longer to work, and the length of belt neces- 
sary to go around each pair of steps ot tlie cones must be used to find 
the diameters; that Is, starting with one t'ud of the cone, find the 
length of belt, and then calculate how much larger or smaller (aa the 
ease may be) than the nominal diameter it Is necessary to make each . 
grade, In order to make the same length of bell run properly. 

Prof. Rankine has worked out a formula for the length of belt also, 
which, reduced to diameters, is as follows: 

11D4-Ild ID — d)' 

Length of belt = 2CH 1 . 

7 4C 

That Is, the length ot a belt to pass around any two pulleys land, of 

I course, a cone is simply a set of pulleys) Is the sum of the following 
Quantities; First, twice the center distance ot the shatta; second, 11 
Uines the diameter ot the larger pulley, plus 11 times the diameter 
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of the Ennaller pulley, and Lhls sum divided by T. This gives tlie 
nominal lengih of belt, or what would be practically correct It the 
center distance was fairly great; [or the excess, the last part of the 
formnlB must be used, which is the dtHerence between the diameters 
of tbe larger and smaller pulleys squared, and this result divided by 4 
tfmee the center distance. 

Having found the length of belt to run on one end of the cones, 
»nd keeping (hts for a siarter. we can easily find how much to add to. 
or take from, the nominal diameter of any oiher part of the cone to 
makp the same belt run. as explained before. If. tor instance, we Snd 
thai the nominal diameters of the next grad-?s ihat we try to bring the 
length of belt one-half Inch shorter than the first cAlculaiion. we add 
enough lo one or both diameters to make up one-half Inch of circum- 
ference, which would be about 5/32 of diameter, and this could all be 
added to one pulley, or halt ot it rould be added to each pulley, as 
convenient, and Ihis would he praclically correct. 



CHAPTER II 

CONE PUIXET RADII" 

In ihe preaenl cUapler a Dietliod presented by Dr. L. Burmester in 
hla "Lehrbuch der Klnematlk," tor the solution ot the cone pulley 
problem, has been extensively treated. Dr. Burmester's method Is 
entirely graphical, and Is exceedingly simple In application. While It 
is not theoretically exact, it is, as will he shown later, much more 
accurate than practice requires. 

In order to bring out more clearly the points which will come up In 
the caao of open bells, let us first consider the simple case of crossed 
belts, It is a well-known [act that In this case the only calculation 
neceBsary in order to find the radii of the various steps Is to make the 
sum ot the radii of any two corresponding steps a constant. This 
may he shown in the following manner: 

a:= radius of step, driving cone. 

J. = length of belt from contact on driving cone to coiiiaci on driven 

b=:radlus ot step, driven cone. 
B^ distance between centers of cones. 
ff=the constant sum of ibe radll of two corresponding steps. 

9:= angle shown, Figs. 4 and 5. 
Then 

o, -f 6, K 
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Therefore ^1 = ^2 = ^ = a constant. 

Therefore the arc of contact on each pulley = 180° + 2 ^ = a con- 
stant. 

^1 i^i '^2 '^9 

Also cotd = = 1= = 

a, -h &, K a, + 6s K 

A, := A2 =: iC cot ^ = a constant. 

180° + 2 ^ 

But length of belt = 2 A H x (2 tt a, + 2 ir ftj 

360° 

180° -f 2^ 

= 2 A + X 2 IT X (a, + 6,) 

360° 

in which, as has been shown above, all the terms are constants, there- 
fore length of belt is constant. 




Fig. 4 



Fig. 6 



Note: The subscript applied to the letters denotes that the letters 
are used for the corresponding quantities in a special case; thus Oi, 
in Fig. 4, refers to a. 

The radii of the various steps may be determined graphically by the 
following diagram (Fig. 6): 

Draw a horizontal line from A, and also draw AC making an angle 
of 45 degrees with it. On this line lay off AS equal to the distance 
between the cone centers, using any scale most convenient, bearing 
in mind, however, that the scale adopted now must be used con- 
sistently throughout the diagram. At S erect the perpendicular T8T' 
j.o I he line ASC. From some convenient point on AG, as D, drop a 
vertical equal to some known radius of the cone a, as DE, and then 
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from E measure bark on Ihla vertical the radius of the corresponding 
Btep on cone h. as EF. and trom these points E and F draw Unea 
parallel to ABC. Prom the point 0. where the line FG intersecta the 
Itne TST drop a vertical. This will intersect the line EH In B. 
Through H draw the horizontal MN. being the point where this line 
Intersects the lice TST'. Then, distances on the line MO may be taken 
to represent radii on cone o; and to find the corresponding radii on 
cone b erect perpendiculars at the eKtremltles oF these radii, producing 
them until they intersect the line TST'. These perpendiculars then 
represent the desired radii. It may be shown as Follows that the sum 
of the two correspondlDg radii, as obtained from this diagram, Is 
always a constant, and the diagram therefore satisfies the conditions 
for crossed belts. 

Let MJ represent any radius on cone a, then JI represents the corre- 
sponding radius on cone 6, 




The z JIO = I JOl ^ 4S degrees. 

Therefore JI=JO. 

Therefore itJ + Jl = MJ A- J0^= MO = a constant. 

Dr. Burmester'a diagram for open belts is a modlQcatlon of the 
diagram Just shown, the only difference being that the line TST' la 
replaced by a curve. This curve was determined by plotting a series 
of points, and after several pages of exceedingly intricate mathematics 
he arrives at the astonishing result that this curve can be replaced 
by a simple circular arc without any appreciable error. 

The diagram Is shown In Fig. 7, and may be drawn as follows: 
Proceed as In Fig. 6 until the line T8T' Is drawn, then lay oEf distance 

1 
BK equal to — AS. Next, with the center at A, and a radius equal 

2 
to Aff. describe the arc XT. and the diagram Is ready for use. 

In order to give an Idea of the extreme accuracy of the diagram, let 
us observe the values obtained by Dr. Butmealet ta W* caV'SiX^Xtsu*, 
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Let R = AK (Fig. 7). 

When ^ = 0, R = E X 1.11815172. 

^=15°, R = E X 1.11806842. 

^ = 30^ R=E X 1.11798671. 

^ = 45^ R = E X 1.11803397. 
The value used for R in the diagram is E X 1.11803397; so the maxi- 
mum error of R occurs when ^ = 0, and is equal to ^ X 0.00011775, 




Pl«. 7 

which is much more accurate than the work of the most careful drafts- 
man. Dr. Burmester gives values of R up to ^ = 90°, hut as it is evi- 
dent from Fig. 8 that it would be practically impossible to have a value 
of greater than 45°, the writer has omitted the other values. 




. xr. 



Fig. 8 

In order to make the use of the diagram perfectly clear, let us solve 

the following problems: 

Problem 1. Figr. 9 
Given: 

Distance between centers of cones = 3' 4". 
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Dlametera of driving cone. 4", 8", 14", 20". 
Diameters of driven cone, X, X, 14", X. 
Required: 
All diameters of driven cone. 
Lar out the diagram and determine the point it as prevlousir 
directed. Now the radii of drWlng cone may be laid off as abBClBsas or 
ordlnates, whichever happens to ha the more convenient, as the results 
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obtained will be exactly the same In either case. In this particular 
problem it la evidently more convenient to lay them oft as abscisaaa. 
Then the ordlnates erected at the ends of theae abaclssaa will repre- 
sent the corresponding radii of the driven cone. The problem Is solved 
In Fig. 9 and the following results obtained: 
Results: 
Diameters of driven cone, 2ZW. 19%", 1*". and 7%". 
This problem does not bring out all of the flne points of the diagram, 
so let us solve a more complicated one. In which the different steoa at 
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the cone are ta tiaiwnrit gtvon. w^inriffffiL 

Pcoiiieii a. Vis. lO 

DfHnrare becweot <'Pfinw t of cibhi^S^ •^. 
\r«iimnni veibcxcT of beit t jflHomfldt 30 fieec per 
R. P. 3L of <iriiri]iscfBifi=:l4i. 



DriToi cone co makB lOe. 2«[). 4jM lad 380 R. P. IL. 
Tlie xuKxiziiam. beit speed win be »rrauiii!< wben. t&e beft i> on Uie 
largest step of tiie dririii^ cone. 
Tberefurif 

=28; 3^ = 28%-" 

2ft. 2« 
But = ; ift. = U^'^. 

Now barta^ oiKamed a Trsloe Sor c. and &,, die pirint M aa the dia- 
gram may be foond. Xezc draw a. Use froB Jf as JfO. ffffaed ao that 
anj boriioiital projection, as JDT. wtH be to the coti^iUHii I laft Tertlcal 
projectioB. SO, as the R. P. 3L of the drtrer are to the R. P. M. of the 
driTen; thock 

JTV R- P. M. of drtTln^ cone 



yo R- P. 3L of drirai cone 

Also from similar triaa^!»?s 



But we know that 

R. P. M. of drivtng ccne rad. of driven cone 



R- P. M. of driven cone rad. of drxTinc cone 

Therefore MX' equals radius of drtT^n cone, while VO^ equals radios 
of drivinff cone, thus cakins:. for tiL? case, radii of driring ccMie rerti- 
cal and of driven cone horizontal. The problem is solved in Fig. 10 

and the followins: results obtained: 

Results: • 

Dia. or driving cone. ^'^-V. ^^5^^ f»>\'. II*^". 
Dia. of driven cone. II-..'. Ic K". f'>\*. 25^'. 

We have seen that the Burme«ter diagram is under all conditioAS 
n.uoh r.-or- *=^xart than is required in practice: and a more compact, 
Hlrapl^T or quirk^^r method of finding cone pulley radii coold not be 
d^Ir-'!. An experienced draftsman should be able to solve a prob- 
U-rn lik*^ So. 2 above in less than 10 minutes, while to obtain the same 
Tf'=n\r?. by an analyriral method would require as many hoank Results 
of ^Mffirle-r^r. a/rurary can usually be obtained by making the diagram 
to r.alf --'Yale, aUhough there is no reason for reducing the scale, unless 
tlf dl^*ar.<'^ h^'tween centers is inconveniently large, and in that 
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aB the belt will Btand e 



the reaatta do not need to lie 
Btretcblng. 

Another graphical method for laying out a pair of cone pullers la 
aa follows: First draw straight line AA. Fig. 11, supposed to connect 
the centers of the cones to be laid out; then set oft the centers of the 
cones B and C on line A. A. (full size is beat); then bisect the dlatanca 
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between the centers of the cones and draw perpendicular line D E. Now 
aaaume the size of the two conea — say the largest Is 25 inches and the 
smalleat 3 Inches diameter. Then draw a line tangent to the circles, 
or the line representing the Inside of the belt O. which will InterHcct 
the line DE a,t E, and taking the point E for a center scribe the circle 
F. Then divide the circle F. commencing at the tine of the belt Q, 
Into &a many parte as needed, of a length to suit the Te<vAT«& «%«&&%. 
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Draw the other radiating belt lines through the point E and the dlvl- 
sfonB on the circle F, extending them toward the cone S, and thtj 
will be the Inside of the other belt llnea. Draw circles tangent to these 




. simple Onphlo&l B< 



lines. We now have all the diameters of the rest ot the steps of the 
cone to match the Qrst, and the belts will correctly fit all the steps. 
This is, of course, only an approximation rule. Tbis method was con- 
tributed to the June, 1905, Issue of Machinery by John Swanberg. 




STRENGTH OF COtJNTEKSHAFTS* 

There is scarcely a shop In existence which has not had a inoce or 
tesa serious accident from a countershaft some lime In Its history. Il 
may have been caused by a heavy pulley running very much out of 
balance, or Ihe shaft may have been bent in the beginning. Poaelbly 
the ahaCt was too light, or too long between hangers. The latter is 
responetble for most of the trouble, and is the one with which this 
dispiisalon fa principally concerned. 

There are two metboda in vogue for turning cones and pulleys; one 
is to S3t the rough casting to run true on the inside, and the other on 
the outside. This latter method oiakea a cheaper and an easier job. 
but when turned, it fe(iuires an enormous amount of metal to balance 
[t. And taere is the source of considerable (rouble. We may balance 
a large cone perfectly on straight edges, but that Is a standing balance 
only; and when the cone is put In place and speeded up to several hun- 
dred revolutions per minute. It shakes, and shows that It is decidedly 
out of balance. The trouble is that we have not placed the balance 
wolghtB directly opposite, or In the plane of the heavy portloD of the 
cone. The result ia that neither weight, when rotating, has Its counter- 
balance pulling In the same line, and, of course, Ihe pulley Is sure to 
be out of balance. All cones and all other pulleys which have a wide 
face should be set to run true on the Inside before turning. 

A certain countershaft failed because il had been welded near the 
center. The weld twisted and bent open, and some one was badly 
Injured by the (all. A weld in machine steel Is so very uncertain that 
It should Dever be trnsied for such a purpose. The extra expense of a 
new shaft would not warrant the hazard of such a risk. 

In the calculations which follow, the spring of the shaft is limited 
to 0.06 of an inch. There are plenty of countershafts which have been 
running for years with about this much spring. Now, from the general 
formula for the deflection of a simple beam, we have: 

The deflection, or spring := 

48 b; 

In which W=the load at the center In pounds, 

L = tbe length between center of hangers in inches. 
E^=the coefficient of elasticity ;= 29,000,000. 
7 = the moment of inertia of the cross-section of the shaft. 
For a round shaft, 

I — (1) 

64 

* MacBiMBbt, April. 1603. 
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In which d^the diameter of the shaft in Inches. We then have: 



WL' 



0.06 



iS El 
6iWL' 

1) and (Z), we have ^0.06, and 

iS Bird* 

O.06x48X2M60;00O>< 



• J 0.06 X iSEwa' >l 



64 



^J 



= . 4,100,000- 



Flg. 12 shows ft countershaft nhicb is in actual service, and which Is 
known to be all right. A and B are keyed to the shaft. and D are 





■ 


VF 


1" •['" 


■" ^-^^-^ 






B 


-rJ=^ 1 






■-iji 


•i 


t 

N 

^4 






s 


^>^ 






r — "►'^ 




"^ 
















!«.,. 



















PlB. 12 

loose pulleys arranged Cor open and cross belts. 

A weighs 30 pounds, and B. C and D weigh 110 pounds. The belt« 
run as ehown In the Bgure. If A weighs 30 pounds, and the centers of 
the bangers are 54 Inches apart, then by taking the left-hand hanger as 
the center of moment, we have 30 X 12 = ic X 27, when i is the weight 
at the center. Solving we find 

30 X 12 

27 



27 
As to the belt pull, it is possible tor a single belt to run up to 70 
pounds per Inch of widib of bell, and a double belt can be taken at 100 
pounds. As a double belt is used In this case, and as the slack aide 
of the belt Is very loose when the light side is pulling its maximum, 
we will take the pull at the pulley A^6 x 100 = 600 pouodB. and get- 
ting this in terms of a load at the center, we have 



600 X 12 



^2116 



STRENGTH OF COUNTERSHAFTS 17 

e downward pull Is 13 + 73 + 266 = 352. 
The puU at the pulley B will be 6 X 100 = 600, and by transferring 
this to tbe center we have 



The resultant of these two forces will be tbe diagonal of the fores 
diagram, and Is equal to 530 pounds, which Is equal to W in the for- 
mula. Introducing these terms in equation (3* we have 



1.= J 4,10 



and by Bolvlng we find L^66, which means that for tbla condition of 
loading tbe counterabaft would be eafe even with the hangers 65 inches 




PLff, 



Fig. 13 represents another countershaft taken from actual service. 
It is belted as shown on tbe left-band view, and la running all right. 
although it looha ralher flimsy, and one would consider U unsafe. Tak- 
ing tbe moments of ihe weights of the pulleys and belt pull about the 
right- and left-band supports, and finding tbe equlTalent pull at the 
center, we obtain: 

Weight at cenier due to pulleys^ 148 

Pull on 30-lncb pulley = 2% x 100= 250 

250 X 30 
PuU on IS-lnch pulley ^2Mi > ' 



36 
Total downward puii ^= 

500 X 30 

PuU on 14-lncb pulley = 5 x 100; = 

36 
Resultant downward pull = 
Introducing this value of TV in equation {3) we have. 



606 




A'o. 14— MACHINE TOOL DESIGN 
belts ran as shown al the Tight-hand side of Pig. 13, we would then 

Weight due to pulleys (as before) ^= US 

Pul] on 30-inch pulley := 250 

Pull on 15-)nch pulley = 208 

Total downward pull^ 606 

Horizontal pull on 14-incb pulley^: 417 

Prom these two forces we find a resultant of W^=736. Substitut- 
ing this in (3) and solving as before, we find /- — 38, which Is the 
greatest safe distance between bangers for this condition of loading. 

There are cases where one must have an extra long shaft In order 
to work <n the pulleys, cones, etc.. aa shown In Fig. 14. Here the 
downward loads amount to S2D pounds, and the pult at right angles 
and pounds. The resultani S9S poundB = W. 




Introducing In the formula we have 

I '■ 

4,100,000- 



-J^ 



This means ibat for this condition of loading, the center distance 
should not exceed 55 Inches, and since in this case It could not he made 
as small as this, the pulleys should be arranged for a third hanger. 

In evtry case, therefore, where the centers are so far apart as for- 
mula (3) would Indicate to he unsafe, a third banger should he used. 
If all the flimsy countershafts had a third hanger added to them there 
1b no doubt but Ibat the number of accidents would he greatly dimin- 
ished. In the above calculation the weight of the countershaft bas 
not been considered, as it is usually very small. If the belts run at 
any other angle than that shown, the construction Is made in eiattly 
the same way. using the required angle tnslead of a right angle, the 
resultant of the two forces being used as IV In Ihe formula. 





TUMBLER GBAH DESIGN" 

Of the dlfterent niectiatiisnis that have been used Id (be macbtce 
tools of the past, one — the tumbler gear — could be found in Bome form 
or other In almost every machine. Its office, in most casaa, '■vaa to 
reverse (he direction at the feed. Fig. 15 shows fhe usual form in 
which li Is found when used for Ibis purpose. The gears A and B are 
lo be connected so that moCtoo may be transmitted from one, which 
runs coDstantiy In one direcitou. to the other, which It is desired to 




run In either direction. Suppose that A Is the driver and runs as 
shown by the arrow. As connected, A drives B through the Inler- 
mediale gears D and C. B rotating In an opposite direction to A. as 
shown by the arrows. 

This mechanism is termed the tumbler gear, because the gears D 
and C are supported In a frame which swings about the axis of either 
the driving or the driven gear. In the case in hand, the intermediate 
gears are carried in the frame E, which rotates about the axis of the 
gear B. Some meaus, not shown, must be provided by which the 
rocker frame may be changed from one position to the Other, and 
locked. Pig. 16 shows the mechanism shifted so that the motions of 
A and B are in the same direction. 

The tumbler gear has been used as a reversing gear ever since pres- 
ent forms of machine tools were flrst Invented. While II has always 
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given considerable trouble, It has ahowD up Co dlsadvanlage mostly 
when applied lo the modern raaeUine with poaltlve gear feed, where 
great power haa to be transmitted by ft. It ia the purpose here to 
show where this gear may be used to advantage, and aleo to explain 
the theory on which the prineiples of its design are based. 

All of us have met with this mechanism In some form or other, and 
may have formed an unfavorable opinion. The prejudice thus created 
keeps U3 from fully appreciating; the tumbler gear, even when properly 
designed, and when used In the right place. It has beeM placed by 
many along with the worm drive and the spiral gear as undesfrabte, 
and to be avoided unless it Is absolutely Imposalble to get along with- 
oul it. This opinion has been responsible for the 'adoption of many 
combinations used for purposes that rightly belong in the field of the 
tumbler gear, and many times, in order to avoid using this mechan- 
ism, much unnecessary complication has resulted. 

What are the faults of the tumbler reversing gear? That one on 
So-and-So'B lathe used to kick furiously when one tried to throw it 
over. Then, the one used on the milling machine used to go Into 
mesh ea'iily enough, but when any amount of strain was put onto 
it, the teeth uaed to crack and growl, showing that the tendency was 
to drag the gear farther into m°sh. causing the teeth to bind on one 
another and sometimes break. Let us look Into the case represented 
in Fig. 15. Fig. 17 shows the gear D Just entering into mesh with A. 
.A.n examination of this ngure shows that the tendency is for the teeth 
of gear A. when they strike those of gear D, to cause the latter to 
rotate about the axis of the rocker frame, should the gear B be locked 
against turning. This tendency opposes the motion In the opposite 
direction necessary to bring the gears wholly Into meah. In practice 
B is not locked, but It Is necessary to overcome a certain amount ot 
resistance In order that It may be set in motion, and the presence oi 
this resistance has the same effect as if the gear were locked. The 
greater this resistance ia. the greater is the effort necessary to bring 
the gears into working position. 

Examining the conditions In the case of Fig, 16. we see that the 
effect would be just the opposite, that is, the gears would come Into 
meah of their own accord as soon as a contact is produced between 
the teeth of A and C. Practically no effort Is necessary to bring the 
gears into meah, but. In order to withdraw the gear C from A. con- 
siderable effort would be required. When the gears and A are In 
mesh and transmit power, the tendency for gear is to crowd farther 
into mesh with A. which haa the effect of binding the teeth. Should 
the pressure of contact be aulBclent, the binding tendency would cause 
the motion to cease, or would break the teeth. This Is one of the 
points on which many have based their verdict against the tumbler 
gear, and when designed so that such results are obtained, it is not 
to be wondered at. 

Direction of Tooth PrsBBure in Ordinary Cut Oaara 

The first consideration In the design of tumbler gears In any form 
la that of tooth pressure and Its line of application. Aa all cut gears 
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used In machine loola are made lo tbe 14'/^-degree Involute system, we 
will confine ourselves to that syetern. In this, the force tending to 
revolve tbe driven gear is not a tangential force, apiiUed as a tangent 
to the pitch circle, but is a force applied at an angle of 14^ degrees to 
the tangent of the pitch circle, this UMi-degree line being termed the 
line of presBure, in case that there may be some confusion as to the 
above sialeraent regarding the tangential force and the line of pres- 
sure on tlie teeth, the case Is graphically shown in Fig. IS. The 
tangential force ta egtial to the twisting moment divided by the radius 
□f the pitch circle. Tills force is equivalent to that which transmits 
motion between two dlskB by friction alone, the diameters of the disks 
being equal to tbe pitch circles of Che gears. This force Is, In the 
case of a gear, resolved into two component forces. One component 
acts perpendicular to the tangential force and lends to force the gears 
apart; the other acts In tbe direction of the line of tooth pressure 
shown in Fig, IS. Tbe tooth pressure thus Is somewhat less than the 




total twisting force, and equals the twisting or tangential force multt- 
pllea by the cosine of 14 ■'j degrees. 

Influence of Direction of Tooth Pressure on Tumbler Gear Dealein 
To show nhat effect the line of pressure has upon the layout of the 
tumbler gear, we will use the simple case shown In Pig. 19. In this 
figure, A Is tbe driving gear and .B Is the driven gear. These gears 
are connected by means of the Intermediate gear C. which Is carried 
in the swing frame E. which, in turn, swings about tbe axis of A. 
This mechanism Is a simple case ot tumbler gear, and while it is 
little used. It is useful as a means for disconnecting a train of gears 
wben it is desired to stop the motion of tbe driven section. If we con- 
aider gear B locked in the position shown, and exerting a turning 
effort on the gear A In the direction Indicated by the arrow, tbls effort 
is transmitted by the teetb of A and C. and a pressure is produced 
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lietween the leeili of B and C. iwo of which are shown In the I'ut. The 
direttlon in whlfh this forpt^ is applied is shown by the line of pres- 
sure H K. and is Is exerted in ilie direciion of H. Since every force la 
opposed by an equal and opposite force when in a state of equilibrium. 
we have in this Instance a force or reaction opi)oslng the force along 
the line of pressure referred to. U la this reaction that causes our 
troubteg, In the mechanism shown in Fig, 19, the gear C and the link 
E are tree lo rotate about the axis of A. and since the line of pressure 
does not go through the center of gear A, the force acting along this 
line tends to rotate the arm E about the axis of A, the direction of 
rotation being dependent on which side of the center of A the lioe falls. 
Thus ill Fig. 19, the line falls in a position thai produces a tendency 
for the arm to force the gear C further into meah with B. The iwist- 
ing moment thus set up fa equal to the looih pressure multiplied by 
the normal distance from the asia of A. or QL. 




If now, instead of trying to turn the gear A in the direction of ihp 
arrow, we. exert a torque In the other direction, the opposite sides of 
the teeth would come Into contact, and the line of pressure would be 
located as shown by the dotted line H' K'. The normal distance of this 
line trom the axis of A is much greater than in the former case; con- 
sequenlly the twisting moment tending to rotate the nrm E about the 
axle is also Increased, hut the direction in which the< torquo is applied 
has changed the dlrecllon in which the reacting force along the line 
of pressure acts, and, since this line falls on the same side of the 
axis, the tendency of the arm la to rotate in the opposite dlrecllon, and 
lo. separate the gears C and B. Had the line of pressure gone directly 
through the axis of the gear A. where B is pivoted, the effect of any 
force acting along It would have had no rotating influence upon the 
tumbler gear arm. That this would be the ideal case needs not to be 
mentioned, and It should be the aim of the designer to approach that 
condition as nearly as p 
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The tendency [or Uie tumbler to crowd the gears Into meeti mlgbt 
be of GOQic advantage were It desirable to Ihrow them into mesh while 
the gears are in motion; bui in taees nhere any considerable amount 
of power is being transmitted, a very atlfC and rigid design will be 
necessary for the tumbler frame and the locking device. It Is also 
nell in such cases, when setting the locking device, to have the gears 
mesh with plenty of play or backlash, so that, if there be any spring in 
the frame, the gears will not be likely to bind and cramp. Should B 
be the driver and run In the direction of ilie arrow, the line ot pres- 
sure would be //'A", and the pressure «ould be in the direction of H', 
The arm would then tend to carry the gear C out of mesh wUli IS. 




Should the direction be reversed. H K would be the line ot pressure. 
and the tendency would be to crowd the gear in. 

The layout In Fig. 19 has two bad features. In the lirst place, the 
gears have a tendency to crowd farther into mesh, which limits the 
amount ot power that can be Iransmltled. and increases the liability 
nf breakage ot the gear teeth and of the tumbler frame, should an 
overload be imposed upon the mechanism. Inaccuracy in the shape 
and spacing ot the teeth aggravate the alrave conditions. In the 
second place, the mechanism should be used to transmit motion In but 
one direction. 

In most cases the throwing in or out of the tumbler Is a secondary 
matler. as It is done either when the gears are not In motion, or while 
Dot under load, it running. In such cases it should he the aim ot the 
designer to OTercome the objection of the crowding ot the t.«&t.\^ Vc^tt 
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mwh by having ihe line of pressure properly located, so that the tend- 
ency l9 In the opposite direction. When it is desired to provide a 
tumbler gear that can be run in either direction, the layout in Pig. 20 
The object in this case is to have the twisting 
t equal In either direction, and such that the gears have no 
crowding tendency. The arrangement in Fig. 20 is laid out as follows: 
Draw the pitch circles of the gears B and C and connect their centers 
by the line D F. Through the pitch point draw a line O H normal to 
D F. Then locate the gear A at some point on G H bo that its pitch 
circle will be tangent with that of C. 

The Single Tumbler Oeaj- 

The single tumbler gear is the basis of many of our modem rapid 

change speed and feed mechanisms, and the principles treated above 

apply to this aa well as to the regular tumbler gear. Take the simple 

case shown in Fig. 21. which shows the pitch circles of a four-gear 
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cone and the driver A and tumbler gear C. It is evident that only one 
position of the gear C can be such that the ideal condition prevails, 
that is. only when in mesh with one gear ol the cone can the line of 
pressure pass through the axis of the tumbler frame. Fig. 21 shows 
this to be the case when C Is In mesh with the gear B'. Each subse- 
quent shifting of the tumbler along the cone brings the line of pres- 
sure eccentric to the axis, until the position of extreme eccentricity is 
reached when is in mesh with B"". In mechanisms of this kind, it 
should always be the aim of the designer to have the line of pressure 
pass as close to the center of rotation of the tumbler frame as is 
possible, because the locking devices used with this type ot tumbler 
gear are necessarily of such a design as Co be quick in action, and in 
consequence are not very stiff or rigid. The line of pressure should 
always he made to tall on that side of the axis where the tendency 
1b to separate the gears rather than to bring them closer together. 
When the gear C is supported in a swinging frame which does not 
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Elide in a lateral ilirection, but the changes are made by shtttlog O 
along an Iniermediate abaft, tbe supporting member should be locatpd , 
al (lie end where ihe line of pressure has the greatest eccentricity, as 
the greatest strain comes at that end. Thus, In Fig. 21 the support 
sbould be at the same end as B"". The diameter of the intermediate 
gear C baa an important effect on tbe location of tbe line of pressure. 
It win be found that it should in most cases be ae large as B"", in 
order that the line of pressure may come right. However, no exact 
rule can be given by which the diameter of C can he calculated, as It 
depends greatly on tbe difference in tbe diameters of B' and B"". and 
also on the diameter of A. 

BuloB for the DeslgTi of Tumbler Oears 
What direct rule can be given that may be used as a guide In laying 
out the tumbler gear? Referring to Fig. 19, we see that tbe gear C 
1b revolving In a direction away from the axis of the tumbler a 
(■oint of tangeney of the pilch circles of C and B. and that the reacting 
force tends to crowd the gears farther into mesh. Had this line of 
pressure fallen on the other side of the axis of the tumbler frame, tbe 
tendency would have been opposite in effect. When the gear C la , 
revnlvlng so that a point on tbe pitch circle travels away from the 
pivot of the tumbler, and the line of pressure falls somewhere between | 
the pivot point and the axis of ttie driven gear B. the tendency i 
be to crowd. From this we therefore may formulate the following I 

Bute I. When the gear about which the tumbler gear swings is the 
driver, and the line of pressure falls between the axis of that gear 
and that of the driven gear, the motion of a point on the pitch circle 
of the tumbler or Intermediate gear, when near the contact point, must 
be toward the axis of tbe tumbler frame. Should the direction of a 
point on the pitch circle be opposite, the line of pressure must fall out- 
side of that area Included between the axis of the pivot gear and tha 
driven gear. 

Referring again to Fig. 19. it la seen that should the driving gear 
be B, the above rule does not apply, but may be altered to read thus; 

Itvle II. When the gear about which the tumbler gear swings is 
the driven gear, and tbe line of pressure falls In the space between 
the axis of this gear and that of tbe driving gear, the motion of a , 
point on the pitch circle of Ibe intermediate gear at the contact point 
must be away from the axis of the pivot gear; when the line of pres- 
sure falls outside of this space, this motion must be reversed. 

By following these two rules, more as a precaution than as a com- 
pulsory condition, much better success may be expected in the results _] 
obtained. 




The most userul and hi dispensable or h!1 tlii> materials with wbicb 
the designer haa to do, Is cast Iron. Of all the metals used In the con- 
struction of machinery, it la the cheaiiesl. It is the one to which we 
can the most readily give the form and proportions which we desire. 
II is, of all the common materials, the most easy to machine. While 
It Is lacking Id strength and ductlUly, Its cheapness makes It pos- 
sible (o use it in such ample quantity as to overcome these disad- 
vantages, and in many constructions it may be so shaped and propor- 
tioned, or so reinforced by other materials, as to malte this lack bnt a 
slight detriment. It is therefore a matter of Interest lo the designer 
to learn of the various faults to which this valuable material is sub- 
ject, and the best ways in which Ibey can be avoldpd or minimized. 

Caueee or Blow- holes 
Probably the one fault which spoils more castlnKS than any other, 
1b the result of an outrush of gas from the materials of the cores or 
tlie mold. Into the molten iron, at the instant of solidification. If the 
solIdlScatlon of the Iron has proceeded so far that the ouirushing 
gaa or steam cannot bubble through it. and escape through the vents 
which should be provided (or the purpose, it will be imprisoned In the 
substance of tbe casting, forming one or more boles, according to the 
special shape of the casting, and the ituantlty of tbe escaping gas. 
These holes, which are known as blow-holes, may not be apparent on 
the outside, and quite often occur In such a location that they do no 
particular harm, but it Is more often tbe case that they ofcur at some 
point where they become apparent when the metal Is being cleaned, or 
where their presence weakens the casting greatly. 
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The gases which cause btow-holea may come from three i 
They may be, and generally are, caused by the generation of Quanti- 
ties of steam from the moisture contained in the molding sand, by the 
heat of the iron. In the case of dry sand and loam castings, the 
quantity of steam so generated is so Insignificant, If tbe molds have 
been properly heated, that It gives no trouble whatever. In the case 
of green sand castings, however, tiie moisture present, and therefore 
tha steam generated, is quite large In amount, and special precautions 
have lo be taken to prevent blow-holes. 

When the molten Iron pours into a green sand mold, all the moisture 
In the layer of sand immediately in contact with the iron will at on(% 
be transformed into steam. Tbe depth of the sand layer so affected 

• Hacrimkut. October and ItoTemticr. lOOT. 
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depends od the thickness and extent of the Dery mass to nbich It Ib ] 
adjacent. The eteam bo formed muet either force its way through the J 
molten Iron In the form of a mass of bubbles, or else It must escape j 
through the sand. To facilitate its escape, tlie mold Is vented, That I 
Is, after the damp sand has been packed around the wooden pattern I 
by ramming It closely into place, a uire is thrust repeatedly Into the J 
moid, making numerous passages for the escape of the steam and gas. ] 

It Is obviously impossible that one of these vent-holes should extend 
to evei? point In the layer of sand adjacent to the casting, so it iB 
necessary that most of the steam and gas should force Its way for 
some small distance through the sand, before It can reach a vent-hole. 
This It can only do n-hen the sand Is somewhat porous. If the sand Is 
too tightly rammed. If will lack tlie necessary porosity, and even though 
It be unusually dry, and the venting carefully done, (he casting will be 
full of blow-holes, CadCB have occurred where molds have been 
rammed so bard ibai the casilngs were nothing iwtter than shells, the 
whole Interior t>eing u mass of blow-hotes. 

DecompoBttion of Binder In Cores, and Bntrapplng of Air 

The second cause of blow-holes in iron castings Is the decnrnposiiion j 
of ibe material, generally flour or molasses, used as a binder In pre- I 
paring the cores, and Its escape In the form of gas. into the Iron, at ' 
the Instant of pouring. II la impossible to prepare and bake a core In 
such a way that it will not give off large quantities of gas when the 
Iron Is poured, and so means must he provided for the escape of this 
gas. Id order to do this, the cores are prepared with wax strips run- 
nlug through them. When the core is baked, the wax melts, leaving 
pasttagfS, known as core vents, tor the escape of tliese gases. If the 
core Is of such form, and so set in rhe mold, that the gases can 
escape from these vents In an upward or sidewlse direction, and leave 
tha mold without forcing thelf way through the molten Iron, no blow- 
holes will result. 

k third source of blow-holes is the entrapping of air In certain parts 
of the mold, and Its mixing, on expansion, with the Iron. This trouble 
is due to lusuftlclent venting of the mold, and Is not a fault to which 
the designer need pay any particular airentlon. 

Oty Sand or Loam Advisable for Larg:e Complicated Ca,et1nffB 

In the case of large and complicated castings. It Is generally advis- 
able to make dry sand or loam castings, in order lo avoid, as far as 
poaalble the chance of biow-holea. When the mold is very large. It is 
diOlcult to vent II thoroughly, and when the work on it extends over , 
a period of three or four weeks. It Is Impossible to keep the vent* 
from Riling up; hence the general use of dry sand work for large 
castings. Often, however, for the sake of economy, fairly large and | 
complicated pieces must be undertaken in green sand, and it becomes ., 
a maiter of importance that they be so designed that the raolder will i 
not be compelled to invite disaster by keeping his sand too wet, or 
rvnmlng It too hard, and that there b^.- no part of the mold which may 
not be ttaoroughljr vented. 
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Elements of Oreen Sand Moldlns' 

In order thai we may understand thoroughly the effect o( the design 
ot a. casting on the probability of blow-holes, It Is necessary 
review, In a brief way. the elements of green sand molding. The sani 
Is sprinkled with water, and thoroughly mixed and sifted, preparaloi 
(o packing or '■ramming" it around the pattern. The obiect of 
ting the sand Is of eourse to cause it to stick when it 1b packed. 
to a certain point, the wetter it is. the better It will stick, but 
molder should not wel it any more than is necessary. In the 
way, the more tightly the sand is rammed, the better Ua particles will 
cohere, and the more easily will the mold be handled, and the pattern 
drawn. However, tight ramming and wet sand, while Ibey make a. 
solid and easily handled mold. Invariably produce blow lioles, and an 
therefore to be avoided. 

II will be apparent then, that If a pattern be ot eomplicated form, 
or hard to draw, or If when it la drawn It leaves the sand In such a 
form Ihat (he mold will easily fall together at a little Jarring, the 
molder will be compelled to wet the sand more and to ram it hardei^ 
tban usual. Small, deep openings, sharp Blleta, and (hin walls and 
UtIonB of sand, are especially troublesome. Not only do they make 
dlflicult to draw the pattern, and handle the moid, and ao make 
Blye welting and hard ramming imperative, but they cause spots 
the mold which the venting wire Is unlihely to reach. For these 
reasons, they are to be avoided when possible. In any class of molding, 
whether It be green sand, dry sand, or loam work, and on no account 
should such work be permitted in the case of large green sand castings. 

When designing a casting to be made In green sand, the designer 
ougKX to know the position which It will occupy In the mold, when It 
Is poured. In general, the parts of a casting which lie in the bottom 
of the mold will be the soundest, and those parts which must be 
machined, or which require the greatest strength, should therefore 
occupy the bottom of the mold. If possible, wben the casting is poured. 
Having decided which side will be down, the designer needs generallr 
to pay no particular attention to the configuration of the lower part 
of the mold, provided only that all of the pattern can be drawn, and 
that there are no sand partitions which overhang, or whose extent la 
large in proportion to their thickness. To Insure a sound easling, the 
sand in the lower parts ot the mold must be comparatively dry. and 
loosely rammed. This condition ot affairs is not generally hard to 
attain, since all the work on the sand Is done with the pattern In 
place, and that part of the mold is not generally moved or handled 
after the support of the pattern has been withdrawn. In the lower 
part ot the mold, the sand Is generally supported at all points In a 
very thorough manner by the sand lying under it. and so hard ramming 
or wet sand is unnecessary. If, however, the pattern must be made 
with loose pieces, or with sharp tlllels. or must leave thin wails or 
tongues of sand when It la withdrawn, the case Is changed, 
hard ramming and wet sand are almost compulsory, and the mol 



the^^^ 

will 
tern 

are 

:h a 
the 

m 



I'AULT^ OF IRON CASTINGS 



2a 



U to 1)6 blamed if he does not produce sound green sand castings. 
The ault 1e with the designer. 

Tli«,«pper pari at tbe mold must ot necessity be rammed harder 
than tfa) lower part, since the sand Is not supported from beneath, but 
hftngs fiom above. This is not as great a disadvantage as It miglil 
seem lo 'le at iirst sight, since the escaping gases do not have to 
oiahe tliefr way through the Iron, as they would If they were given 
off by the sand in the lower part ot the mold. The venting, how- 
ever, must be }ust as thorough, and It Is desirable that tbe saDd should 
be as dry as possible. The whole arrangement oF the upper part ol 
the casting should be such that the sand may be well supported from 
above, Generousiy rounded fillets and comers, simple surfaccB, plenty 
ot "draft," and an absence of depending walls and masses of sand, 
make the mold easy to handle, and therefore promote freedom from i 
blow-boles. 

When Green Sand and Dry Sand Both May Be Used 

It often occurs that tbe larger part of a casting is of simple fornn, 
and easy to mold. A certain part of It. however, may be of a form ' 
esceedfngly difflcult to mold, and therefore likely lo give a great deal | 
of trouble. It Is not necessary that the whole casting should be made | 
In a dry sand mold, but a core-box may be made to take care of tbe 
difficult part of the work, even though the work would ordinarily be 
done without a core. It Is just as easy, and often Just as desirable to 
c&st the external face of a casting against a core, as tbe internal face. 
While It may not pay lo do this If only one casting Is wanted. If a great 
many are wanted it Is often the cheapest possible way of making them, 
and reduces to a minimum both the work of the molder and the cbanee 
of a spoiled casting. Often forms may be cast In this way which could 
not be attempted in any other. If it Is desirable to ii-se this method o( 
working, the designer bas It In his power to make tbe construction of j 
the core-box much simpler and cheaper than It might otherwise be, hf | 
giving the matter a little thought. 

In arranging the coring of a mold. It Is always better, if poealble, 
to support the cores at the top. The ga-ies formed in the core, being 
llgbt, tend to rise, and if ihe core is supported at the bottom only, 
Ihey lend to escape Into the iron, and to bubble through it. If they 
can escape at the top, they will pass oft without coming in contact 
wllb the iron. When it is Impossible to support tbe cores at the top. 
they should be so arranged Ibat the gases can pass off at the sides. 
and escape from the mold without coming In contact with tbe Iron. 
SponglnesB 

A second fault to which iron castings are subject la that of apongl- 
Hess. Spoogluess is due to the formation of gas bubbles in Iron, at 
the Instant of solid i Scat Ion. In all ordinary cases tl 
Improper mixture of Iron. However, If the casting is very thick 
one place, and thiu at most others, It will be ImpoBslble to obtain 
mtziure which win have sallatactory properties for general work, 
not be spongy at points of extraordinary thickness. It la &ti ftXc«\\%Q>^ 
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rule to allow no part of a casiine lo be at a ereaier dtstaiic from 
a sand surface than 2','j lorbes. In case tbla rule is siHcily iJhered 
to, and tLe castings are of fafrly uniform thickness no tro'^e wlU 
be experienced from sponginess, except from the use of r^or Itqd, 
When, however, we are obliged to concentrate a considerable quantl'j' 
of metal at one place, and give it a greater thickness than il or 6 
inches, either we must tahe care that It will be at some polm where 
the spongineas will do no harm, or e\ee we must make provision lo do 
away with it. 

The only practical method for doing this Is to place a riser tmmedl- 
alely over the heavy spot. When the metal Is poured, and the riser 
Is full, a rod of wrought iron 1b Inserted and worked up and donn 
until the metal has almost solidified. By so doing, the bubbles have 
a better ciianee to escape, and the iron is left perfectly solid. Of 
course, it Is not possible to use a riser effeciivelf In this manner, 
unless it can be placed directly over the heavy spot. A riser at a 
point a few Inches distant is useless. The use of a riser in this way, 
and for this purpose, is unnecessary when the part of rhe casting In 
which the heavy spot occurs Is subject to no particular slress. or is 
not required to be tight under steam, air, or hydraulic pressure, but 
nevertheless, a spongy spot Is a defect In a casting, which should. 11 
possible, be avoided. 

Shrink -boles 

A third fault to which Iron castings are subject la that of shrlnh- 
boles, A shrlnk-bole Is a cavity In a casting caused by the shrinking 
away of the metal In cooling. Like spoiiglness, this defect Is espe- 
cially likely to occur in those parts of a casting which ere excessively 
thick. To avoid this fault, it Is best to avoid sudden changes in the 
thickness of a section, U the part of a casting which Is unusually 
thick does not have to be machined, the difllculty may be orercome 
by placing in the mold at That point a piece of Iron, so that the casting 
will be caused lo solidify at that point Hrsi. on account of the chilling 
effect of the cold Iron. If, however, the heavy spot In the casting has 
to he machined, or If it Is subject to heavy slress, this method of pre- 
venting shrlnk-holeE Is to be avoided, since the chilling of the Iron 
makes tt so hard as to be impossible lo cut with a tool, and at tbe 
same time creates slresses wlihln the racial which weaken It, In such 
a case, shrink-holes are best prevented In the same manner as has 
already been described for ihe prevention of sponginess, namely, the 
use of a heavy riser, and the working of Ihe iron with a rod when It 
<s cooling. 

The designer must therefore avoid heavy spots in castings, when- 
ever |)ossihIe. for the reason that they are likely to produce two serious 
faulU, sponginess and shrlnk-holes. He must avoid them especially 
in those parts of castings which are to he machined or which are sub- 
ject to heavy stresses. If they cannot he avoided entirely. In auch 8 
case, they should be so arranged thai risers may be placed Immedi- 
ately over them, so that a rod may be Inserted Into the riser, anil 
Into the heart of the spot where the metal Is ihlckesl. 
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Scabblness 

A fourtb fault often enrounlered In Iron castings la Ihat of scabbl- 
ness. Although Iron in the molien condillon does not pennnate the 
B^nd of the mold, as water would If It were poured In, nevenhelesa. 
on account of the great weight of the fluid, it has a rooElderable 
erosive action on tie materials of the mold. If. as It Hows Into the 
mold, the Iron eats away fillets- or Dartltlons, or scours away patchea 
of Band, it Is obvious that the casting will not be of the proper fonn, 
bul win have Its angles partly flUed up. and unelghtly protuberances 
upon its surfaces. Such Imperfections as these are known as scaba. 
The sand so washed from Its proper place may float on the iron, and 
rise to the top of the mold, where It forms a dirty mixture, which, 
when cleaned away, leaves a rough depression In the surface of the' 
casting, also kno»-n as a scab. 

The remedy for this trouble Is to avoid as far as possible sharp 
flUels, and thin tongues of sand, projecting Into the mold, and to so 
gale the casting that the current of iron, aa It enters the mold, win 
spread Itself out, and not concentrate ilself In any particular direc- 
tion, for If 11 does. It will eat away the part against which It flows, 
just as quickly and surely as would a current of water, m general, 
proper gating is a matter which must bo attended (o by the molder, but 
it the designer has arranged things so that proper gating is incon. 
renlent or Impossible, the castings will almost surely be scabby. 
Sand-bolea 
The llftb fault to which Iron castings are subjecl, namely sand- 
boles. Is one which Is almost Invariably associated with that of scab- 
blBCBB. If the sand ''."ImnefSture 'v/^^oded by the entering current of 
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,..es, however, we are enabled to utilize the shrinkage Snia 
lh«y form ^^^ ^^^ instance, when cast iron was the standard material 
"''"" mannfaciure of ordnance, guns were cast with cores through 
lag, Mn" /^^j^j. ^^ circulated, ao as to cool the surface of the bore 
^' kue outer parts aoUdlfled. When a gun is flred, It la knonn that 
"^ incr layers of metal are stretched more than the outer ones. By 
"*"" Jig the inner layers of metal firat, shrinkage strains are produced 
""ihe walls of the gun, causing Ihe outer layers of metal to com- 
""IftiB Ihe inner Ones. The combined effect of the shrinkage stresses 
^M^the stresses produced by ihe explosion Is to produce a uniform 
"freBB throughout Ihe walla of the guns, and bo reduce the cCante or 

tUplUTc 

It 1b not often, however, that we are able to take advantage of 
abrinkase strains In Ibis way, More often they are troublesome, caus- 
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cooled very much, and prabably the advancing face ulli be partially 
aolldlfled. Consequently, when it meets a similar advancing face ot 
metal, trhlch has been similarly cooled, there is small llkellhaod of 
their uniting pro[)erIy. 

The remedy is obviously to so design the casting that the metal 
will not have to flow in thin streams for long distances. The arrange- 
ment of gales and risers is often of great Importance in minimizing 
cold ebuts, and if tlie casting U large, and at the same time lias tliln 
walls, the designer must see that the gates may be so arranged that 
the Iron may qulchty Qll up tbe mold. Wlille the arrangement of the 
gating generally depends on the molder's lancy, lie may often be lim- 
iieri by the shape of the casting, and obliged to plare the gate at some 
point where the iron, m Bowing in, must spread ilseic into a thin 
sheet, or pass for a considerable distance through a narrow passage. 
Under such circumstances, a cold shut Is hardly lo be avoided. 
Shrinkage 8tra.lDS 

Tile eighth and laat fault is that of shrinkage strain. If we tiave 
two pieces of Iron fastened end to end, as shown in Fig. 2Z, one piece 
belDE notably thinner than the other, the thinner piece will solidify 
first In tlie mold, and coo] some hundreds of degrees below Ita freeEing 



point, belore the thicker part solidifies. As a result, the thicker part, 
when cooled lo air temperature, will have, or rather tend to have, a 
leas length than the thinner part, the reason being that at tbe Instant 
ot solidification of the thicker part, both pieces had the same length, 
although the thinner part was much the cooler. The thin part will 
Iben be in corapreBslon, while the thick part Is In tension, and severe 
stresses will exist within the piece, which make It weaker than It 
icould otherwise be In most cases, 

SomMimes. however, we are enabled to utilize the shrinkage stresses 
lo advantage. For instance, when cast Iron was the standard material 
Tor the manufacture of ordnance, guns were cast with cores through 
vrliicb water was circulated, so as to cool the surface of the bore 
hrtOTf the outer parts solidified. When a gun is fired, It Is known that 
lh« Inner layers of metal are stretched more than the outer ones. By 
cooling the inner layers of metal first, shrinkage strains are produced 
In the walls of tbe gun. causing the outer layers of metal to com- 
pr«« the Inner ones. The combined effect of the shrinkage stresses 
and the elresses produced by the explosion is to produce a uniform 
Ktreae Ihraughout the wails of the guns, and so reduce tbe chance ot 
rapture. 

It la HOI often, however, that we are able to take advantage of 
thrlnknge strains In this way. More often they are troublesome, ca-w 
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iDg woi'k J-o warp in the process of macbining, or causing mysterious 
cracks lo develoii without apparent cause. Since these strains are due 
to unequal rates of cooling in the difTerent pai-ts of the casting, the 
best way to eliminate Ihem la to BO arrange the thicknpss of the vari- 
ous paria, that the entire casting shall solidify at the same time. The 
second best way is to so arrange the parts of the casting that the 
unequal contraction Bhall not produce dangerous alresses at any point. 
In order that the entire casting aball cool at a uniform rate. It Is 
necessary that all parts of It shall be of approximately uniform thick- 
ness, and that there shall be no sudden changes of section. In order 
that unequal contraction shall not produce dangerous stresses In the 
metal, it Is necessary that there shall be no sharp corners, and that the 
various parts shall be tree to expand when necessary. For instance, 
a wheel or pulley with a solid rim Is likely to have severe siresses 
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set up within the arms by unequal cooling, but It the hub be divided 
as shown in Fig. 2Z, by means of a thin core, and then bolted subse- 
quently, no shrinkage strains will occur, since the arms are free to 
expand or contract. Independently of the rim. 

Shrinkage strains often become so serious that It becomes neces' 
sary to make pieces in two or more parts, which It would be perfectly 
possible lo make, at much less expense, in one piece. LArge Jackeled 
cylinders, for steam and gas engines, are good examples of this. When 
cast in one piece, the shrinkage stresses, together with the stresses set 
up by the varying temperatures Incident to services, are often sufll- 
clent to crack them. Were the piece shown In Fig. 32 made In two 
parts, Bs shown In Pig. 24, there would be so shrinkage strains In 
alther part, although the cost of machining the surfaces which are 
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Relative Economy of 6 

In L-onclusion, ii may be 
enumerated will be more likely lo ocfur lu a part of a complicated 
casting, than In a simitar part of a simpler casting. For Inslance. the 
cylinder ot a gas engine will be more likely to have some Imperfec- 
tion If II la cast iniegral with the frame, than tf It Is cast separately. 
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In the same way, the frame will be more likely (o have an imiier- 
fectton of some kind, than If It were cast eeparately. Assuming that 
ten per cent ot the cylinders or frames would be lost It they were 
cast separately, It Is more than likely that fifteen per cent of the cast- 
ings, having cylinder and frame cast together, would be rejected lor 
faults In the frame, and fifteen per tent of tbe remainder would be re- 
jected (or faults in the cylinder. In other words, twenty-eIgM percent 
of these castings would be rejected, agalnsl ten per cent of the simpler 
forms. If more than eighteen per cent of tbe cost of the castings is 
saved in machining, or in other ways, by casting cylinder and frame 
together, it Is well to do so, but If the saving is not more than sufficient 
to balance the loss, it is well to make several simple forms, instead ot 
one complicated one. 




The problem of cost redutLion forces Itself, with Increasing Tlvld- 
neSB upon the mind o( every person who has to do with the manu 
racture of machinery. To the "'small shop" peoyle, and to those whose 
prodU(.'t is unsystematized and whose Ideas of methods to pursue are, 
as yet, vague, this chapter may prove of some aGslstaoce. 

There are three Important means by which the shop product may be 
systematized: By the use of formulas; by the uae of tal>leE: and by 
the use of charts. As the two latter may be considered as the labu- 
lated, or graphic results of the former, we will deal only with the 
formulas. In determining sizes, weights, and costs, these formulas 
are generally most efficient time-savers. For convenience, formulas 
in this chapter will be divided into two classes; The class used to 
produce the first of a type of machine we will call fundamental; and 
the class used to produce several sizes of this type of machine, empiri- 
cal. Upon Geehlng fundamental formulas In lext books and tn roe- 
chanlca! engineers' pocket-books we are confronted by a diversity ol 
opinions and tabulated resulia that are, at least to a novice, a bit con- 
fusing. These formulas, it is always to be remembered, have their 
atipllcatlon In the special case under consideration, and are to be used 
only as guide posts In our journey of design. It Is evident [o most 
designers that some kind of a tentative method must, sooner or later, 
be resorted to in the type design, for in nearly all machines the goV' 
ernlng conditions soon become so numerous or indefinite as to render 
ft subdivision of the problem a necessity. A certain amount of judg- 
ment is absolutely essential In the use of most fundamental formulas, 
and discrimination Is always necessary. 

Graphically, fundamental formulas can be represented by curves, and 
win be correct for ail slices under identical conditions, while empirical 
fonnulas rest on no such basis and bold true for but a certain series 
within certain limits. This eonstitute.s the vital difference between 
fundamental and empirical formulas. A fundamental formula Is one 
found through mathematical reasoning. «hlle an emplrlcat formula is 
made up by means of trial methods. 

Suppose that we have built two or three sizes of a certain type of 
engine and that they are successful; we desire to put on the market 
an entire line. Our sizes of this type of engine will run from lO-lneh 
cylinder diameter In the smallest to 30-lnch cylinder diameter In the 
largest. We have built n 12-iDch and a 24-lnch engine and perhaps 
an 18-Inch. These engines were, as was Imperative, tentatively de- 
signed. In seeking the derivation of the empirical formula lor the 
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length of the ehoe 
decide to make it so In our line 
we have In the 34-lDr^h engine 
I 95.0625 = 8.75. 

making our shoe length for the 24'lnch engine I9<^ Inches, and for the 
IZ-lnch engine 10^ Inches. 

To any scale in Fig. 25, perpendicular to the line NL. lay off these 
8hoe lengths PB and P'R'—IQ^ Inches, and 19^4 Inches, respectively- 
making the distance Pli' equal to 12 Inches, the difference between our 
sizes 12 Inches and 124 inihes. Through points PP' draw line SA Inter- 
secting NL at A. At B" — for our IS-lnch slie — ere. t a perpendicular 
B"P". Draw FF inlersectlng B"P" at F. Using the notation given in 
Ihe figure, we get the simple eqiiattonB 
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In thja last formula many will recognize an old acquaintance — the 
equation tor a straight line. I<et us now analyze this equation. From 

Ihe figures U la seen that x^the desired dimension and that — = t 



Then/ = 
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Fn Interpreting our empirical formula j — /v + c. we have 
y^a common unit to which all other sises are to be referred. 
« = desired dlmenelon. 
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t=:B, tactor of V. 

c:=a constant Increment to be added in each case. 

The unit oF value y. as generally selected. Is a bolt or cylinder diam- 
eter, or the capacity of tbe machine. Obviously, in our line of engines, 
we select the cylinder diameter D as our value of v. and our unii 
formula then becomes %D + c. The value of c la now determined by 
direct substitution In tbe following manner: s being the shoe length, 
we substitute tor It WVj inches Mis lenBth on the 24-lnch cross-head); 




Note, that while we hare assigned to y and c other values, we hare 
not altered the relations; our rormula lor this particular cross-bead 
dimenatoD now becomes %D + IV2 Inches. 

For convenience In charting these sizes, some point is determined 
upon as a pole about which these lines ( repreKenttd hy our formulas) 
are drawn as vectors, the ordinate length for a particular size glrlng 
Uie desired dimension, U now in the determination at other formulu 
It be found, as Is llhely to be tbe case, that these lines do not all pass 
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through a common point, tt becomes necessary to select one. In well' 
designed macbineB the Intersection at these lines wltta the base line 
will come close together, and an average of these Intereectlona Is 
selected as a pole Figs. 26 and 27 will serve to Illustrate the purport 
of this paragraph. 

Experienced designers are well aware that tbe tlnal teat of any 
dimension In a design Is that of satisfying all fundamental calculable 
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<;uDditions : nevertheleas, the Instances where bur empirical formulas 
prove incorrect are very few indeed. With the design for our Hoe of 
engines thus ay sti- mall zed, let us consider what are lo be the advan^ 
lagea Ihat will aaiurally result from it. In ths first place, the weights 
of any particular paris. or delaila of any size in our line ot engines 
may be determined prior to its design or manufaotur?. In the deter- 
mination of netghts. cubic conlenls. and similar processes, the use of 
"differences" as applied to higher mathematics, will not only prove 
an eEIlclent tltne-saver, hut relieve much of Che drudgery attendant ■ 
upon such operations. 

A brief explanation of the use of "dlHerences" Is as follows: When 
we have a series of numbers connected by a regular, tliougb not obvious 
law, the nature of Ibat law may he discovered by forming a new series 
ot differences between eath two terms of the original series, and then 
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treating the new series (which we may v&\\ the series nt first dllTer- 
ences) In the same way, until we reach a series of dlFfereiui.'s, the law 
of which Is obvious, tn the table above will be found boMi ihe arith- 
metic and algebraic solutions of problems by "dllTerenres." 

In column 1 of the table Is given a scries of numbers, which ^ 
suspect follows some dellnlte. though not obvious law; and which we i 
deeire to discover. We here take the dlfTerences between each two \ 
terms In column 1 and put rhi'm down In roluran 2. Having proceeded 
with Ihe iwo orders of differences, (he law becomes apparent early in 
Ihe process of determining the values In column 3. Referring again 
to tb« table, it 1b evident that the next term of column II must be II, 
which gives 6S (57 + 11) as the next term ot column 2 (the series 
of first differences) and ai2 (244 + 68) tor tbe original series. Note , 
that this series can thus be obtained Indeflnltely, and that ultlmatelf>. 
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in tiny ri^giilar scries, some one series of dlllereiiceB will t>«roni« i 
eonBtant. It is on the principle ol dlfferenceB tbat calculaling ma- 
chines are constructed lo compute logarftbnili; tables, etc. 

Id the algebraic soluiioD of sucb problems as Involve the determioa' 
tion ot weights and volumes. It will be necessary to calculate tlies? 
weights or volumes Tor the lat, 2d, 3d. and 4lh terms of oiir given 
series. By subsilting In the formulas In coIuiud 5 the numerical 
value of IV. ivhich is the first term in our given series, we may equaie 
these expreealons and our calculated values for the 2d, 3d, and 4th 
terms, and determine, by simple algebraic proceasea. the values of 
c. X, y, and ultimately, those values which we are requiring in the 
original serlee, column 5, 

The computallons concerning the coBt of materlafa logically follow 
the determination ot volumes and weights and are made with compara- 
tive ease. However, our next problem concerning the deiermloalion 
of the cost of labor Is a more dlfflcult one to solve. Formulas should 
e):presH this cost In so many cents per pound of product, including all 
shop charges, and be established partially by experience and partially 
by methods suggested In this chapter. 

In many instances It will be found both desirable and convenient to 
have ihls coat formula embody the unit dimension. When this is the 
case, the formula Is, as are most cost forniulsB, established by the 
icntatlve methods to which we have just alluded. As the methods 
employed in the deduction of these formulas render them purely 
empirical, one or another form of expression may have to be adopted. 
However, formulas of this class usually assume the form ot, or at least 
may be solved Into, the familiar type form 
ax' — bx+c. 
where n and t> are factors of the unit dimension, and c Is a constant. 

For the purposes of Illustration we will assume Ihai the formula 
for the cost of labor which we have established is 
3 

— D' — 15D + 314. 
2 
In this form the formula gives the total cost of labor In dollars for 
the size desired. The cost of labor O for our IS-incb engine would 
then be 

3 
= — tlS)'— 15 V IR + 314 = 630, 
2 

The computBilon of a Unal cost formula, embodying the unit dimen- 
sion. Is thp last process in our development of shop formulas; this 
formula is derived dlrn lly from those relative to the coBta of material 
and labor. 
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CHAPTER I 



FIR&T PRINCIPLES OP GEARING" 



Gear wheels are such common objects about the machine ebop. and 
are manufactured with HUch rapidity aui] ease by the aid oC tbe modern 
automatic gear cutter, that many seldom stop to tblnk what tbej 
really are, why the teeth must be constructed with certain curves, 
and what it is desired that they shall accompllah. In following chap' 
lers we shall tabe up some ot the practical questions, touching upon 
the calculations that come up in the design, but will hero deal 
chiefly with a few of the theoretical points of tbe subject that are 
seldom explained In a simple manner lor the beneSt ot those who liave 
had neither the time nor the opportunity to look Into matters ot this 
kind. 

Suppose there are two wheels arranged as In Fig. I with their faces 
in close, frlctlonal contact, and that both are exactly the same size, so 




I 



that when the crank Is turned around once, wheel B will turn exactly 
once also, provided, of course, there is no ellpping between the two 
wheels. It must be noticed, moreover, that If the crank be turned unl' 
Cormly, wheel B will not only make the correct number ot revolutions 
relative to A. but it will revolve uniformly, as well; that Is, both Its 
total motion and the motion from point to point will be correct. 

Now there are many places in machine construction where the slip- 
ping inseparable from friction wueels cannot be tolerated, and thla 
difllculty might be overcome by fastening small projections to one ot 
the wheels, as on A in Fig. 2, and cutting grooves in tbe other wheel. 
B. Then, If the crank were turned, wheel B would always make Just 
the right number of turns, even if considerable power were transmit- 
ted. It is probable, however, that these projections and grooves would 
not fulflll the purpose of gear teeth. What is wanted of gear teeth Is 
that they shall give eiactly tbe same kind of motion as corresponding 
frlctloD wheels, running without ellpping. They must not only keep 

• UlCaiNKKT. JUI1«, 1GU8. 
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the number ot revolutions right, but ther must give a perfecUr even 

aDd Bmooth motion from point to point or from tootb to tooth. 

Pig. 3 will show clearly bow such a result is obtained. It representi 
the friction wheels with teeth lasteued to them, the teeth, of conrse, 
extending all the way around Instead of part war &s shown. These 
teeth are set so as to be parti; without and partly within the edges 
of the two wheels, as obviously they will give better results thus 
arranged than with all the projections on one wheel and all the g 
or depressions on tbe other, as in Fig. 2. 




PIC. 1 



With the wheels Otted In this way It can be proved that the only 
conditions which must be fulfilled in order that tbe teeth shall give 
wheel B the same motion that it would have If it were driven by 
frlctlonal contact with wheel A Is that a line drawn from the point 0, 
where the two wheels meet, to the point where the tootb curves touch, 
shall be at right angles to both tootb curves at this point, whatever the 




position of the gears. For example, in Pig. 3, two of tbe teeth touch 
at ft. if the curves are ot the right shape, a. line m n, drawn through 
h and 0. will be at right angles to both curves at point h. This Is 
tbe law of tooth curves, and it makes no difference what the shape of 
tbe teeth Is, so far as their correct action Is concerned. If this law 
holds true for every successive point where the teeth come in contact. 
In technical language tbe "friction wheels" mentioned are known 
as "pitch cylinders," and they are always represented on a gear draw- 
ing by a line— usually a dash and dot line — called tbe "pitch line." Aa 



/ 
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teeth are generally proportioned, this line falls nearly, hut not quite, 
midway between the tops and bottoms of the teeth, the inequality 
being due to the space left at the bottom of the teeth for clearance. 
The diameter of the pitch cylinder is called the "pitch diameter." 

Involute System 

We are now ready to consider the particular forms of teeth most 
often used. The one that is at present most in favor is the involute 
tooth, the term "involute" being the name of a curve described by the 




end of a cord as it is unwound from another curve. For example, to 
draw an involute, wind a cord around a circular disk of any con- 
venient material, and make a loop in the outer end of the cord. Lay 
the disk flat on a piece of paper, and with a pencil in the loop, unwind 
the string, keeping it drawn tight, and let the point of the pencil trace 
a curve, which will then be an involute. 

In Fig. 4 is shown how the same principle is applied to forming 
tooth curves. A and B, with centers at M and N, are two disks which 
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senre the purpose of pitch cylinders. C and D are two smaller disks 
fastened to the larger ones and around which a cord is stretched and 
fastened at points O and H. When either disk is turned, the cord is 
supposed to pull the other one around at the same speed that it would 
go if moved solely hy frictional contact between disks A and B. To do 
this, it is simply necessary to have the disks C and D in the same 
ratio as A and B, If A, for example, is half as large as B, then C 
must be half as large as D. 

To make room for drawing the curves, let pieces F and E be fostened 
to the large and small wheels, respectively. With a pencil fixed at 
point d on the cord, turn the wheels in the direction of the solid 
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arrow, meanwhile moving the pencil outward, and the curve dh will 
be described, which will be a suitable tooth curve for the larger wheel, 
and which it can be proved will answer the requirements of the gen- 
eral law. Starting again with the pencil at a, and turning the wheels 
in the direction of the dotted arrow, and moving the pencil outward, a 
similar curve, ac, for the smaller wheel will be traced. 

The circles representing the disks C and D are called "base circles," 
and in practice are drawn at a distance from the pitch circle of about 
one-sixtieth of the pitch diameter. This brings the angle, KOd, called 
the angle of obliquity, in Fig. 4, about 14^^ degrees; and although it 
is not by any means certain that this is the best angle, it is the one 
commonly used. 
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Cycloidal System 

Take a silver dollar and roll it along the edge of a ruler, holding 
the point of a pencil at the rim of the dollar, so that as the latter rolls, 
the pencil will trace a curve. This curve is a cycloid. Should the 
dollar be rolled on the edge of a circular disk, however, the curve 
traced would be an epi-cycloid, and should it be rolled on the inside of 
a hoop, it would be called a hsrpo-cycloid. These curves are employed 
for the teeth of the cycloidal system of gears. 

In Fig. 6 it is shown how the face or the outer portion of the tooth 
is rolled up by the point A on the outer rolling circle, and how the 
flank or inner portion Is generated by point B on the inner rolling 
circle. In this case the hsrpo-cycloid and flank are straight lines, the 
reason for this being that, as drawn, the diameter of the rolling circle 
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is one-half the diameter of the pitch circle of the gear, and the hypo- 
cycloid generated under these conditions becomes a straight line. 

Comparison of the Involute and Cycloidal Systems 

The involute and cycloidal systems are the only two that are used to 
any extent, and in Fig. 6 a gear tooth and rack tooth of both are 
shown for comparison. The involute gear tooth has the involute curve 
from point a to point h on the base circle, and from & to c at the bottom 
of the tooth the flank is a straight, radial line. One difficulty with the 
involute system is that with the standard length of tooth the point a 
will interfere when running with gears or pinions having a small 
number of teeth. To avoid this, the point is rounded off a little below 
the involute curve. In general appearance the tooth seems to have a 
broad, strong base, and a continuous curve from a to c. A strong fea- 
ture of the involute gearing is that it will run correctly even if the 
distance between the centers of the wheels is not exactly right. This 
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will be evident by referring to Pig. 4. where it will appear that the 
relative velocities of the two wheels will be the same however Ult 
apart they may be, and if involute teeth are used in place of the string 
connection there shown, the action will be just the same. The involute 
rack tooth has straight sides at an angle of li% degrees, with the 
points rounded off. 

Of the cycloidal teeth but little need be said except that they have 
two distinct curves above and below the pitch line, as previously ex- 
plained, and that in the rack tboth the two curves are Just alike, but 
reversed. 

TABLB L OUTTBRS FOR IKVOLUTB GHAB TBBTH 

No. 1 will cut wheels from 135 teeth to a rack. 
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134 teeth. 
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Whatever system is used, it is essential that all the wheels of a 
given pitch should be capable of running together. To make this possi- 
ble with the involute, all the wheels must liave the same angle of 
obliquity; and with the cycloidal system the same size rolling or de- 
scribing circle must be employed for all sizes. The circle generally 
chosen is one having half the diameter of a 12-tooth pinion, which, 
makes the flanks of this pinion radial. In Fig. 5, if the diameter of 
the rolling circle had been either greater or less than half the diameter 



TABLE II. CUTTERS FOR CYCLOIDAL GEAR TEETH 



Letter of 
Cutter 


No. of 
Teeth 


A 


12 


B 


13 


C 


14 


D 


15 


E 


16 


F 


17 


O 


18 


H 


19 


I 


20 


J 


21 to 22 


K 


23 to 24 


L 


25 to 26 



'•etter of 
Cutter 


No. of 
Teeth 


M 


27 to 29 


N 


30 to 33 





34 to 37 


P 


38 to 42 


Q 


43 to 49 


R 


50 to 59 


S 


60 to 74 


T 


75 to 99 


U 


100 to 149 


V 


150 to 249 


W 


250 or ino 


X 


Rack 



of the pitch circle, the flank of the tooth would have been curved, and 
in the case of the greater circle, the curve would have fallen inside of 
the radial flank drawn in the figure, causing a weak, under-cut tooth. 
With the smaller circle, the curve would fall outside, making a strong 
tooth. 



FORMULAS FOR DIMENSIONS 
Cutters for Involute cmd Cycloid eiI Teeth 

According to the syeiem for catling gear teeth adopted by the Brown 
A Sharpe Mfg. Co.. Providence, R. I., any gear ot one pitch will mesh 
with any other gear or with a rack of the same pilch. Eight cutterB 
are required for each pitch. Theee eight cutters are adapted lo cut 
(ronj 8 pinion of twelve leeth to a rack, and are numbered, respectively, 
1, 2, 3, etc. The number of teeth and the pilch for which a cutter la 
adapted Ib always marked on each. A llBt of these cutlers Is given in 
Table I. 

Cutters for the cycloidal form ot teeth are also made so that anr 
gear of one pitch will mesh Into any other gear or Into a rack of the 
same pitch, but twenty-four cutlers are required for each pilch. 
order that gears with this form ot teeth shall run well together, they 
must be cut accurately to the required depth; otherwise the pitch cir- 
cles win not be tangent lo each other. To secure a proper depth ot 
tooth, the cutters are made with a shoulder which determines the exact 
depth that the tooth should be cut. Thus, if care Is taktn when turn' 
lug the blanks, to obtain the correct outside diameter of the gear, no 
measurements need be taken when cutting ihe leeth. The twenty-four 
cutters are adapted to cut from a pinion of twelve teeth to a rack, and 
are designated by letters A. B. C. etc. The number of leelh and the 
pitch for which the cutler is adapted Is always marked on each, the 
} In tbe rase of cutters for Involute teeth, A list of these cut- 
B 1b given In Table II. 
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FORMULAS FOR DIMENSIONS OF SPUR GEARS* 

When we consider the number of gears used In macliinery, and the 
number of men employed In the manufacture of machines using gears. 
It is rather surprising to And men who are unable to And the outside 
diameter, having given the pilch diameter and pllrh. or lo And the 
distance between centers ot two gears, having given tbe number ot 
teeth and pilch, and similar prohlems. The object of this chapter Is 
to explain In as clear and practical a manner aB possible tbe tinder- 
lying principles of gearing, and to give concise rules or formulas for 
the solution of problems which arise in our everyday work upon geK<v. 
Pilch Diameters 

Two shafts A and A' (Fig. 71 carry rollers B and B'. By having 
pressure on the shafts as Indicated by the arrows, and revolving A. the 
friction of the rollers at the point of contact. X. will cause A' lo revolve, 
but we can readily see that it any great amount of power U to b» 

■ UaCHiRKBr. July, Atiguit, Ocigbcr and Nowmtwr, axn. 
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transmitted, the rollers are liable to slip at the point of contact X, 
which will not give a positive motion; that is, it will require more than 
one revolution of the shaft A to produce one revolution of the shaft A'. 
Suppose, as shown in Fig. 8, that we put projections on the surface 
of the roller B and cut recesses in the roller B\ making them of such 
shape tliat the sides of the projections on roller B will slide with as 
little friction as possible upon the sides of the projections caused by 
cutting the recesses in roller B\ Then, when shaft A is revolved, shaft 




rig. 7 

A' must also revolve. The identity of the rollers B and B' is not lost, 
for we have simply added a number of projections to one, and cut the 
same number of recesses In the other, and the point of contact of the 
two rollers is still at X but in this case there is no special pressure 
required to keep the rollers together as in the preceding case, nor is 




MaeMturwJf. F. 



Fig. 8 



there any slip, and consequently shaft A' will make one revolution in 
the same time that shaft A does. 

In Fig. 9 we have changed Fig. 8 by adding projections between 
recesses in roller B', and by cutting recesses on roller B between pro- 
jections, and we have the regular gear tooth. "We have now no visible 
part of the original rollers B and B' left, but we have In their places 
imaginary rollers, the diameters of which are the pitch diameters of 
the gears. Thus we might have called our original rollers pitch rollers. 
and then proceeded to put on our projections and cut our 
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wbicb would have given us the gear wheel. This has already been 
explained Id a general way In Chapter 1. 

Of course, In practice gears are never made In this way; the gear ' 
blank Is first turned up to the correct diameter, and then tbe Bpac» | 
between the teetb Is cut. Tbe method of finding the outside diameter i 
will be given later, this Illustration being used simply to show tbe evo- i 
lutlon of tbe gear wheel from the friction disks or pitch rollers. 
Pitch 

When we speak of the pitch ot a gear, the diam-tral pitch la Gen- 
erally referred to. The gear really haa two i- itches, diametral and 
circular. The diametra! pitch of a gear la the number of teeth for 
each Inch of pitch diameter. If a gear has 20 teeth and tbe pitch diam- 
eter Is 2 Inches, the diametral pitch would equal 20 -;- 2, or 10; or 
there are 10 toetb In the gear for each Inch of pitch diameter which 
It contains, and we would call it a 10-pitch gear. The circular pitch 
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of a gear Is the distance from the center ot one tooth to Ibe «enter of 
the next adjacent tooth, measured on tbe pitch lines. It Is very seldom 
that circular pitch Is used In deecrlbinf cut gears. 

It can readily be seen that the circular pitch being equal to tbe dis- 
tance from the center of one tooth to the center of the nest, must ba 
the result of dividing the circumterenco of the pitch circle by the 
number of teeth In the gear. Should an occasion arise where It would 
be necessary to obtain the circular pitch, having the diametral pitch 
given, divide 3,1416 by tbe diametral pitch, and the quotient will be tha 
circular pitch, or, expressed In its simplest form, 



.me 



(1) 



in which P ^ diametral pitch; P* = circular pilch. 

Example.— U the diametral pitch of a gear Is 4, and it Is required to 
find the circular pitch, divide 3. 1416 by 4, and the quotient. 0.7S54, la 
tbe circular pitch of the gear. 

If the circular pitch be given, to find tbe diametral pitch, we can 
readily see that formula (1) would have to be transposed and would 
read thus; 
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and divide by the pitch. This, expressed as a formala. Is: 

y + 2 

=0 (5) 

P 

in which 3r = number of teeth; P = diametral pitch; 0=scmt8ide diam- 
eter. 

Example. — Given a gear of 20 teeth and 4 pitch, to find the ontside 
diameter. The number of teeth, 20, plus 2 equals 22, and 22 divided 
hj 4 (the pitch of the gear) equals 5^, the outside diameter of the 



This formula is simply a combination of formulas (3) and (4), for 
we first find the pitch diameter, i^d then add the addendum twice, for 
it must be added on each side of the pitch diameter. The mathemati- 
cal solution is as follows: 

N 11 

P P P 

2 y + 2 

= D-\-—\ 0= (B) 

P P 

Dedenduxn and Clearance 

The dedendum is the working depth of the tooth below the pitch 

1 
line, and must be equal to the addendum or — , for the pitch circles 

P 

of two gears are tangent (touching), so the addendum of one will give 
the working depth of the other below the pitch line. The clearance 
is the distance from the end of the dedendum to the bottom of the 
space between the teeth. There is no common standard for this dis- 
tance, different gear makers using different distances, yet the differ- 
ence between them is very slight 
The Brown & Sharpe formula for this distance is: 

0.157 

F = (6) 

P 

in which P = clearance; P = diametral pitch. 
The Geo. B. Grant formula is: 

8 

P = — (7) 

8 

in which F= clearance; £f = addendum. 

Thickness of Tooth 

The thickness of tooth and width of the space of a gear are always 
equal at the pitch line, and if the circular pitch is the distance from 
the center of one tooth to the center of the next tooth measured on 
the pitch line, tooth and space being equal, then the thickness of tooth 
must be equal to one-half the circular pitch, or 

r = — C8) 

2 
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In which T = thickness of tooth at pitch line; P' = circular pitch. 
We know by formula (1) that 

3.1416 

P' = (1) 

P 

and substituting this value for P* in formula (8) we have: 

3.1416 



!r= : 

2 

and this formula resolved to its simplest form is: 

1.5708 

T = (9> 

P 

in which T = thickness of tooth at pitch line; P = diametral pitch. 

Example, — Given a gear 1 3/16 circular pitch, what is the thickness 
of tooth at the pitch line? 13/16 (the circular pitch) divided by 2 
gives 19/32, the thiokness of tooth at the pitch line. 

Example. — Qiven a 6-pitch gear to find the thickness of tooth at the 
pitch line. 1.5708 divided by 6 (the diametral pitch of the gear) gives 
0.262, the thickness o^ tooth at the pitch line. 

Table V gives the thickness of tooth at the pitch line for the ditterent 
diametral pitches. 

Depth of Tooth 

After we get the gear blank turned up, we next want to know how 
deep to run the gear cutter in order to get a perfect tooth. The work- 
ing depth of the tooth we have shown to be equal to the sum of the 

112 

addendum and dedendum, or 1 == — , and the whole depth of the 

P P P 

2 
tooth must equal — plus the clearance. 

P 

2 0.157 

Using the Brown & Sharpe standard, we have 1 = 

P P 

2.157 

W = (10) 

P 

in which 1 := whole depth of tooth ; P = diametral pitch. 

Example. — Given a gear of 6 diametral pitch, to find the depth of 
cut to be taken to get a perfect gear tooth. 

Divide 2.157 by 6 (diametral pitch) and the quotient 0.359 is the 
depth to be cut in the gear. 

If we had the circular pitch given, to find the depth of tooth, we 

could substitute in formula (10) the value of P as given in the formula 

(2), and we would have 

2.157 

W== 

3.1416 -i-P* 
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If the number of teeth -h 2 dirided bj tlie pitch equals the oatside 
diameter, then the outside diameter multiplied bj the pitch must e4iial 
the number of teeth + 2. and then the pitch must equal the nnmber 
of teeth -f- 2 dirided bj the outside diameter, which, expressed as a 
formula, is: 

= P (14) 

O 

in which >*=: number of teeth in gear; = outside diameter; P=r dia- 
metral pitch. 

Example. — GiTen a gear of S€ teeth and S l/S-inch outside diameter; 
to find the diametral pitch. 

36 (the number of teeth) + 2 = 38. 

38 -T- 3 1/6 = 12. the diametral pitch of the gear. 

Pitch Diameter 

1. Haring given the outside diameter and the pitch, to find the pitch 

diameter. The distance from the pitch diameter to the outside diam- 

1 
eter is — , as explained in formula 
P 

1 

« = — (4) 

P 

and as this is to be added on each side of the center, the outside diam- 

2 

eter of the gear must be equal to the pitch diameter plus — . If this 

P 

2 
is so, then — subtracted from the outside diameter will give the pitch 
P 

diameter, or 

2 

D = (15) 

P 

in which D = pitch diameter; = outside diameter; P r= diametral 
pitch. 

Example. — Given a gear 3 1/6 inches outside diameter and 12 pitch; 
To find the pitch diameter. 

31/6 (the outside diameter) — 2/12 = 3 inches, the pitch diameter 
of the gear. 

2. Having given the outside diameter and number of teeth, to find 
the pitch diameter. Multiply the outside diameter by the number of 
teeth, and divide by the number of teeth plus 2. 

We have shown in formula (5) that the outside diameter equals the 
number of teeth -f 2 divided by pitch, or 

.V-l-2 

= (5) 

P 

and in the formula (13) that pitch equals the number of teeth divided 
by the pitch diameter, or 
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N 
P = — (13) 

D 

Now, if the outside diameter equals the number of teeth plus 2 
divided by the diametral pitch (and the diametral pitch equals the 
number of teeth divided by the pitch diameter), then the outside diam- 
eter must be equal to the number of teeth plus 2, divided by a fraction 
wit!i the number of teeth as numerator and the pitch diameter as de- 
nominator. This is simply substituting the value of the pitch as shown 
In formula (13) for the pitch in formula (5), and expressed as a for- 
mula, is: 

N + 2 
0= 

N 
Multiplying both sides of the equal sign by — we have 

D 
N OXN 

OX— = 2^ + 2. or =zN-{-2, 

D D 

and now, multiplying both sides by D, we have 

0XNz=(N + 2) XD 

and dividing both sides by :y + 2 we get 

OXN OXN 
=Z>, orD = (16) 

N+2 N+2 

In which D = pitch diameter; 3^ = number of teeth; = outside diam- 
eter. 

Example. — Given a gear 3 1/6 inches outside diameter and 36 teeth. 
to find the pitch diameter. 

3 1/6 (the outside diameter) multiplied by 36 (the number of teeth) 
equals 114. 36 (the number of teeth) + 2 = 3S. 114 (0 X N) divided 
by 38 (^ 4- 2) = 3 inches, the pitch diameter of the gear. 

Number of Teeth 

1. Having given the pitch diameter and pitch, to find the number of 
teeth. Multiply the pitch diameter by the pitch, and the product will 
be the number of teeth in the gear. 

The diametral pitch of a gear equals the number of teeth for each 
inch of pitch diameter; hence, if we multiply the pitch by the num- 
ber of inches of pitch diameter we will have the number of teeth in 
the gear, which, expressed as a formula, is: 

N=:PXD (17) 

in which P=: diametral pitch; D == pitch diameter. 

Example. — Given a gear 3 inches pitch diameter and 12 diametral 
pitch, to find the number of teeth. 3 (pitch diameter) multiplied by 
12 (diametral pitch) = 36, the number of teeth in the gear. 

2. To find the number of teeth, having given the outside diameter 

and pitch. Multiply the outside diameter by the pitch and subtract 

2, or 

N=:(0XF)—2 (18) 
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No. 


ToFTncf 


Rule 


Formula 


i 


Dicimefral 
Pitch 


Diride 3. 1416 by circu/ar pitch 




2 


Orcu/ar 
Hfch 


Divide 3. 1416 by diametra/ pitch 


^ 3.KII 


3 


Pitch 
Dkimefer 


Divide nt/mher ot teeth by diametral pitch 


^-# 


4 


Pitch 
Diameter 


t1ulfiplynuml>er ot teeth by circutar pitch and 
divide the product by 3. /^/0 


" XI4H 


S 


Center 
Distance 


Add the number ot teeth in both getfrs onddtvide 
the sum by two times the dfametral pitch 




e 


Center 
Distance 


Multiply the sum otttte number ot teeth in both • 
yfors by circu/ar pitch anditivide /he product by eL283Z 




7 


Addendum 


Divide 1 by diametral pitch 


^'^ 


3 


Addendum 


Divide circular pitch by 3. S4I6 


3.l4li 


9 


Clearance 


Divide OJS7 by diametral pitch 


'^ P 


10 


Clearance. 


Divide circular pitch by 20 


'^ 20 


It 


^^%^th^ J ^'^'^^ ^'^"^ ^ diametral pitch 


ij|/_ £, lO^i 


IZ 


^^i^-^h^ /%////>/y a 6S60 by circu/ar pitch 


W'oesee 


13 


^otT^th^ 1 ^'^'^^ I.S708 by diametral pitch 


T.. ASJOi 


lA 


™%7ttf i ^^''^^'^^ circular pitch by 2 7- |^ 


15 


Outside \ Add Z to the number of teeth artd divide the 
Diameter \ sum by diametral pitch 


o-%^ 


/e 


Outside Multiply the sum of the number of teeth plus z by 
Diameter | circular pitch and divide the product by 3. 14 /e 


^Jt/f2)i 
^ 3,l4h 


17 


^'^Pi^h^' Z7/V/V/tf number of teeth by pitch diameter 


^ D 


le 


Circular 
Pitch 


Multiply pitch diameter by 3J4/6 and divide 
by number of teeth 


^^31416 
N 


19 
20 


Pitch 
Diameter 

Number of 
Teeth 


5ubtnact tm? times the addendum from outside d/ame/er 


D^0-2i 


Multiply pitch diameter by diametral pitch 


N-PxL 


Zl 


Number of 
Teeth 


Multiply pitch diameter by 3. 1416 and divide 
the product by circular p/fch 


.,^3J4lt 
N- p. 


2Z 
23 


Outside 
Diameter 


Add two times the adderK/um to f/fe pitch diameter 


O^Di^Zi 


Length ot 
Rack 


Multiply number of teeth in rack by 3.1416 arfd 
divide bu diametral pitch 


, 3, 14 16 


24 


Length of 
Rack 


Multiply the number of teeth in the rock by 
circular pitch 


L'NP' 
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In which N = number ot teeth; O ^ outside diameter; P ^ diametral 
pltcb- 

Thia tonnula is simply the reverse ot [orroulft 
N + 2 

— = (5) 

P 
If the outside diameter equals the number of teeth + 2 divided by 
th€ pitch, which we have already proved, than the number ot teeth 
plus 2 must equal the outside diameter multiplied by the pitch, and 
BubtractlnE 2 from this result we have the number of teeth In the 
sear. 

Erample. — Given a gear 3 1/S Inches outride diameter and 13 pitch, 
to find the number of teeth. Multiply 3 1/6 (outside diameter) by 12 
(the pitch) and we have 38. and subtracting 2 from this result wa 
have 86, the number of teeth In the gear. 

Outelde Diameter 
To And the outside diameter having given the pitch diameter and 
pitch. Divide 2 by the pitch and add to the pitch diameter, or 



In which = outside diameter. 
D^ pitch diameter, 
f = pitch. 

I 
The addendum of a gear la — [formula ( 4 ) ] and this, added on each 
P 
Bide of the pitch dlameler. gives the outside diameter. 

Example. — Olveo a gear 3 inches pitch diameter and 12 pitch; to find 
the outside diameter. 

3 (pitch dlameler) plus 2/12 I — ) ^ 3 1/G inches, the outside 
dlameler of Ihe gear. 

Summary or Formuloa 

In the chart on page 20, the rules and formulae for the dimensions 
of spur gears have been grouped together, so that they may be more 
easily found when wanted. The same reference letters are used as 
have previously been employed In deducing the various formulas. It 
will be noticed that with Ihe aid of the formulas given In the chart. 
each dimension can Iw calculated either from the diauietrul or circu- 
lar pitch. The first sixteen formulas are placed In the order In which 
Ihey would naturally present themselves to the designer when deter- 
mining the dimensions of a pair of spur gears. Nos, IT to 22 give addi- 
tional formulas for various conditions of known and unknown factors. 
Pormulaa Nos. 23 and 24 are for racks. 
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INTERNAL SPUR GEARS 

As indicated by its □anie. the Inti^rntL] gear is one having teeth 
lOTmed OQ an Interior pitch surface instead of an exterior one. In a 
word, It Is an ordinary spur gear turned Inside out. At tlie right of Fig. 
10 la shon'D a sketch of such a gear, mesblne with a spur pinian; at the 
left (b shown a pair ol spur gears having the same uumber and pitch 
of teeth as the pinion and loternal gear on the right. By tracing the 
motion in each figure, it will be seen that internal action c 




twu inemberH to turn in the same direction, while external action p.'o- 
duces opposite rotation. 

The Ueea of latemat OeajInK 
There are some advantages attaching to the use of inlcrnal gears tor 
particular applications, as compared with external gears at llie same 
pitch and number of teeth. For one thing, an internal gear has its 
teeth and that of Its pinion protected to a very marked degree from 
Inflicting or receiving injury, often making the use of a gear guard 
unnecessary if the parts are proiierly designed for that purpose. Ow- 
ing to the fact that the cySlndrlcal pitch surfaces in internal gearing 
have their curvature In the same direction, the teeth of the plulon ap- 
proach and mesh with those of its male somewhat more gradually and 
easily than when they are meshing with an external gear. This tends 
toward smoothness and quietness in running, as well as giving a alight- 




INTERNAL GEARS 

\y longer contact for each tootli. Another charaeterlBtlt which is often 
an advantage will be seen from a study oX Fig. 10. In eacb case shown 
we have gears of the same pitch and number of teeth. The inlemat 
gears evidently flgtire out to a much amaller center distance than the 
external gears. This matter Is of importance when !t is necessary to 
transmit considerable power between shafts placed quite close together. 
In contrast with the advantages just mentioned, the chief faclor 
which has limited the use of the internal gear, has been the difficulty 
and expense of making it This difficulty has not been insuperable (or 
cast gearing, but, until the introduction of recent proceasea, the cut- 
lini; of internal teeth has been tedious and unsatisfactory. 

Bulee for DeslKnlcK Internal Qearlng 

Neglecting tor the time being the modiacatlons which have to l>e 
made In the standard proportions to get rid of interference, It may be 
said that the usual thing lo do in designing Internal gearing Is to follow 
exactly the dimensions of the standard system as used for external 
spur gearing. Practically the only modiflcatloDS required In the mles 
given on page 20 are those made necessary by the tact that the center 
distance. In internal gearing. Is equal to the difference between the 
two pitch radii, Instead of to their sura. Besides this, we hare of 
course to reckon with the tact that the teeth are turned Inside out, so 
that the bottom or root diameter is larger than the pitch diameter. 

The only new term is "Inside Diameter." which takes the place of ths 
outside diameter of external spur gearing. It Is, of course, the Inside 
diameter of the blanit before the teeth are cut, and It Is marked O in 
Fig. 10. The following are the rules which must be changed: 

No. 5 will read; To find (he center distance, subtract the number o/ 
teeth in the jiinion from the number of teeth in the gear and divide 
the remainder hy 2 times the diametral pitch. 

No. 6 will read: To find the center distance, muitlflv the difference 
of the numbers of teeth in the gear and pinion bj/ the circular pflch 
and divide the product b]/ 6.2S33. 

No. 15 will read: To find the inside diameter, subtract 2 from the 
jtumber of teeth and divide the remainder by the diametral -pitch. 

No. 16 will read; To find the inside diameter, subtract 2 from the 
number of teeth, multiply the remainder fiy the circular pitch, and 
(Jfvidc the product by 3.1416. 

No. 19 will read: To find the pitch diameter, add twice the adden- 
dum to the iniid^ diameter. 

No, 22 will read; To find the inside diameter, subtract (uXce IJitf 
addendum from Ihe pitch diameter. 

Interference 
Id laying out the shape of teeth for Internal gearing we have to look 
oM for two kinds of interference which are almost sure to be met 
with. The points of (he rack teeth In the 141i-degree involute system 
are relieved to avoid (he Interference with the flanks of small pinions, 
and the points of Internal gear teeth have to be relieved tor the aam« 
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stitule steel in some form tor cast Iron aa a material for t;ears. This 
tendeii(?y Is eepeclally marked In machine tool design. 

It Is common and good practice to use a compositton metal lUte 
brass or bronze Tor the Bmaller ot a pair of lightly loaded gears whlcb 
have to run at high speed. When such gears are run with a large 
gear of cast iron, the difference In testure between the two m&lertala 
ueei lessens the friction, and there Is a gain on the score of nolseless- 
ness as well. Brass may be used where the duty Is very light: higher 
grades of material, Uhe phosphor bronze, are used for heavier serrtce 
at high speed. When the service becomes quite severe, the materials 
in the gears should be reversed, lo that the larger one Is of phosphor 
bronze, and the smaller one of steel. The pinion has thus its mail- 
mum of strength and durability, at the same time that the advantage! 
resulting from the use ot dissimilar materials are retained. 

Where notselessness Is a prime consideration, rawhide is extensively 
used. This non-metallic substance possesses the required structure to 
deaden the sound vibrations, together with a considerable degree of 
toughness, when properly cured. Manufacturera of gear blanks from 
this material cure the hide by processes which they claim give far bet- 
ter results for this service than can be obtained by ordinary means. 
The material Is not Injured by oil, though It does not require lubrica- 
tion in service; but there has been some complaint ot its swelling and 
losing its shape when exposed lo moisture. Trouble from this source 
may, however, have been due lo the use of an inferior grade of ma- 
terial, because thousaDds of rawhtde pinions are In satlsfat^tory daily 
use, under all sorts of conditions, at the present time. It Is a some- 
what more costly material than the others commonly used, but its 
compensating freedom from noise is often worth more than the added 
expense. But one of a pair of gears — generally the pinion — Is made 
from this substance, the gear being of steel or Iron. Gears as large 
as 40 Inches in diameter have been made from this material. 

Fiber is another material used under about the same conditions as 
rawhide. It is not as strong, and It suffers under the disadvantage of 
being difBcuIt to machine, owing to Ita peculiar gritty structure. U 
Is also liable to swell in the presence ot moisture. It ias an advan- 
tage over rawhide in that It Is comparatively inexpensive, and may 
be purchased In a variety of sizes of bars, rods, tubes, etc.. so that It Is 
convenient to use at short notice. For light duty at high speed it 
serves Its purpose very well. 

Racks of large size, such as those used for driving the platens of 
metal planers, are made of iron or steel castings. Smaller ones are 
made trom bar steel stock, either machine steel finished all over, or 
cold rolled steel. The latter material does not require other machtnlng 
than the cutting of the teeth, being accurately finished to certain con- 
venient sizes In the process of rolling. The cutting ot the teeth causes 
the stock to bend, however, necessitating a straightening operation. 
Btrensth of Gear Teeth 

Tbe rule In most common use tor determining the strength ol gears 
le the one proposed by Mr. Wilfred Lewis, and described by him In ■ 
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paper read before the Engineers" Club of Philadelphia, The utility of 
this rule is due to Ita simple form, to the fact that It takes Into account 
a ereaier number of factors than does any other, and lo the fact that 
the effect of each of these factors is rationally expressed in the for- 

Table Vn may be used for finding the allowable unit flber stress to 
use Id the Lewis formula, for any gifen speed, tor dlftereut materials. 
. The valuer for steel and cast Iron are ttiose originally auggested. 
altered slightly to agree with formula (2). given in the chart on page 
29; those for phosphor bronze hare been added by the author. U wl 
be noted thai two columns of values are given for each material: i 



L oe notea i 



1.000 


6000 


EOOO 


9000 


12000 


15000 


20000 


0.857 


51B0 


6S50 


7700 


10300 


12800 


17100 


0.7B0 


4600 


6000 


6750 


9000 


11200 


IBOOO 


0.866 


4000 


5350 


8000 


8000 


10000 


13300 


0.B71 


3400 


4550 


5150 


6SaO 


8550 


11400 


O.500 


3000 


4000 


4500 


6000 


7500 


10000 


0.400 


2400 


3200 


3fifl0 


4800 


0000 


8000 


0.333 


2000 


2650 


3000 


4000 


5000 


6G50 


0.250 


1500 


2000 


2250 


3000 


3750 


BOOO 


0.200 


1200 


1600 


1800 


2400 


3000 


4000 



2400 

explained, the flrst set of values may be used for workmanship of I 
ordinary grade, while the other is permissible with a higher grade. 
The second column, of strength factors, may be used for finding the 
altowable working fiber stress to use for any given speed, whan the 
safe static stress Is known; to find the fiber stress, multiply the sate 
static stress by the strength factor. Formula (2) on page 20 
used for the same purpose, giving resuUs closely approilmatlng the 
values of Table VII. 

The variable factor introduced Into the problem by the varying 
shape ot teeth of the same pitch in gears of difrercnl numbers of teeth. 
is taken care ot by introducing in the formula the outline factors Y 
given In the chart on page 29. These factors are given tor that arrange- J 
ment of the formula which applies lo diametral pitches 

The formulas In the chart take no account ot any surh limlfatloa of 
the width of face tor a gear of given pitch aa obtains in practice. The 
strength Is made to Increase directly with the width of face, without 
limit. In practice, If the face Is too long in proportion to the Blie 
at the tooth, we cannot be sure that each tooth of the gear has a foil 1 
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bearing over its whole length on lis mating tooth tn the other gear. 
The shatts on which the Iwo are mounted may not be parallel, or. If 
orlglnQlly parallel, they may deflect under the strain ot the load trana- 
mltted. For reasons like Ihls. In ordinary commercial work, the width 
ol face may be considered as ncll proportioned when U equals. In 
Inches, 8.75 divided by the diametral pitch. As a formula, this gives 
8.7S 



In cases where accurate worUmanship can be depended on, there is a 
gain In using teeth of wider face and flner pitch than would be allowed 
by the formulae on page 29. There is a gain in efficiency, smoothness 
of action, and noiselessness. especially at high speeds. In fact, ihe 
width of face of a gear may «ell be made to depend In part on the 
speed at which It is run, as well as on the pitch. It being taken for 
granted, of course, that the pilch and width are such as to give the 
required strength. A suggested relation between the speed and the 
face la expressed In the following rule, offered by an English engineer 
as having given good results in an eitended practice. It has been 
changed to derive the answer directly from the diametral pitch, fn- 
Eiead of from the circular pitch, as originally given: To llnd a well- 
proportioned width of face for carefuUy made searing, Tnultiplj/ Ihe 
square root of the pilch line velocit]/ in feel prr mirnite by 0.15, add 
9 to the product, and divide the reivtt by Ihc diametral pitch. As & 
formula, this gives ua; 



Example. — What should be the pitch and the width of face of a steel 
pinion, 4 Inches In pitch diameter, the teeth shaped according to the 
14%-degree Involute Byatem. running VSO revolutions per minute, and 
transmitting 10 horse-power; the workmanship is high grade, and the 
width of the face la to he proportioned according to the rule and for- 
mula given Immediately above? 

The velocity at the pitch line Is = 0.262 D B — 0.262 X 4 X 750 = 
7aS feet per minute. (See formula (1) In the chart tor strength of spur 
gears.) The allowable running stress for a static stress of 20,000 
pounds per square inch Is found by formula (2): 



fi = 20.000 X - 



600 + 786 
I the pitch line Is equal to 
10 X 33.000 X 12 



pounds per square inch. 



) pounds. 



» X 4 X 750 

Assume 5 diametral pitch as a trial pitch tor the teeth; then tha 
number of teeth equals 6 x 4^=20. Transposing formula (3): 
SAY WP 

W = glv 
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pitch diamefsr of gear in inches. Y' outline factor dee table Selotv). 

nvolutions per minute. P- diametral pitch (if circular pitcf} is 

, . , given, dinde 3. >4ie by circular 
mhcity in ft per mm. afpitcft diameter pjfch to obtain diametral pifchj. 

al/oirable i/nit stress for material ^maximum safe tangential load 
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Table of Outline Factors Cn I I I 


num- 
ber 
ot 

Teeth 


Outline Factor -Y 


Num- 
ber 
of 

Teeth 


Outline Factor •Y\ \ | 






l4^''lnyolufe 
(SfdJ and 
Cijcloidal 


20° 
Involute 


<4%volufe 
(StdJand 
Ci/cloidal 


20' 
Involute 




I 


Si 


IZ 


0.210 


0.245 


27 


0314 


0.349 


13 


0.220 


0.261 


30 


0.320 


0.3S8 


14. 


a 226 


0.276 


34 


0.321 


0.371 


IS 


0.236 


0.289 


38 


0.336 


383 


16 


0.242 


0.29 S 


43 


0.34 6 


396 


IT 


0.2SI 


302 


£0 


0.3S2 


0.408 


16 


ozei 


a 3 OS 


60 


0.3 S 8 


0421 


I — 1 


19 


0.273 


0314 


7S 


364 


0.434 




to 


0.283 


32 


100 


0371 


446 


21 


0.239 


0.327 


ISO 


0371 \0.4S9 1 1 1 


23 


29S 


0333 


300 


0.383 


0-411 1 


2S 


0.3 OS 


339 


Rack 


0.390 


0.484 \ 


' Use rules and formulas 1 to 4 in the order given. 1 1 1 


7b Find 


f?ole 


Formula 


Vtlocituinftper 
min.at1f7e pitch 
diameter 


Multiply the product ot the diameter In inches 
and if)e number of revolutions per minute, by 0.262 


V-a262DR 


Allowable unit 
stress afgirer? 
velocrti/ 


Multiply the allowable static stress by 600 
and divide the result by the velocity In feet 
per minute plus 600 




Motimumsafe tan 
genital load at 
Ditch diameter 


Multiply together the a/loivable stress fyrfbe 
given Ytlocitu.ti'e vfidfh of face, the tooth outline 
factor: divide the result buthe diametral pitch 


^■H^ 


Maiimum sate 
Horse-Poirer 


Multiply the sate load at the pitch line by the ve/ocify 
in feet per minute, anddiyi^ the resu/f by 33,0OO 


"^ 33.000 1 




^■^^^^^^^^^H 
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width of lace (lactor 



8.660 X 0,283 
For B pitch, however, according 



=: 0.9 Inch, approximately. 

the formulft 



0.15 V 


F + 9 


P 




0,15 V^ 


S6 + 9 



= 3.61 inch. 



Thus, our pitch Is evidently too coarse. Repeated trials show that 
If we make calculations for 9 diametral pitch the results from the two 
Formulas for width of face agree falrty well. Thus: 
Number of teeth =T 9 X 4:=36. 



420X9 
8,660 X 0.332 

0.15 V'Tse-t 



-=1.32 Inch. 



4 Inch. 



i 

that 



We may, therefore, settle on 9 diametral pitch and 1%-inch width 
of face, as the dimensions to which the gear ought to be made. 

It wlli be noted that nothing was said about rawhide In the table 
on page 2T. giving the allowable stresses for different materials at 
different velocities. There ts not as much information available as 
might be desired on the strength of rawhide pinions. One prominent 
Arm, the New Process Raw Hide Co., makes a regular practice of re- 
placing high speed cast Iron pinions with those made of rawhide, of 
the same dimensions. Where, however, a rawhide pinion is to replace 



a steel gear, working under sev 
Is used. In which the weaker i: 
reinforcement. 

Mr. Dlefendort, the chief engin 
gives the following Information 
ment, that cast Iron plnlona can 
same pitch and number of teet 
velocity of about 1,600 feet per 



> conditions, a special construction 
erlal Is strengthened by a bronze 

■ of the New Process Raw Hide Co., 
this subject: "'Our pubHehed state- 
replaced with rawhide ones of the 
holds good down to a peripheral 
Figuring on a peripbei 



Feloclty of 1,800 feet per minute for a IS-tooth pinion, new process 
rawhide pinions are good for a load of 150 pounds per Inch of face 
for a 1-inch circular pitch gear, with other pitches in proportion, up 
to a maximum load not to exceed 250 pounds per inch of face, beyond 
which we have found it undesirable to go, owing lo the compression 
of rawhide under heavy loads. It would appear that the elastic limit 
and compression point should be taken Into consideratloD more than 
the (ensile strength, as the material will bend long before 11 shows 
any sign ot breakage; in fact. It 18 owing to Us elastic quaiities tli&t 
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□ur rawhide ts able to withstand BliockB at high Bpeed Ibat would poa- 
albly strip Ibe teeth of cast tron iilnloDS." 

The standard German engfneera' handbooh, "HCltte." glvea a rule 
which may be translated Inlo the following form for English meaaure- 
ments: To find the aUowaile loa^ in pounds at the pitch line for a 
ratchide pinion, miiltiply the width of facr in inches by Jrom, 180 to 
360, and diviiie the product Vy the diametral pitch. It will be seen 
that thlH glvea much lower permissible loads than doea the New Proc- 
eaa Rawhide Co.'a rule, which reduces to a factor of about 470, In place 
of the 180 10 360 given in "Hutte." In both of these rules the strength 
ts made Independent of the velocity at the pitch line. Since decrease 
of strength with Increase of velocity Is due to Impact, and since raw- 
hide is a substance peculiarly fitted to absorb Impact harmlessly, it is 
logical to assume that the effect of Increasing the velocity Is negli- 
gible. Thla accounts for the fact that a rawhide gear will be aa strong 
aa a caat Iron one at high speeds, when it would appear ver<r weak In 
comparison with It in a static test. 

Durability of aearicK 

A pair of gears figured by the rules we have just given, to be strong 
enough for the service they are to undergo, may or may not be so 
proportioned aa to be commercially durable. By "commercially dura- 
ble" gears, we mean those which will last well In comparison with the 
rest of the machine of which they are a part. In some classes of ma- 
chinery, geara strong enough for their work would certainly bo com- 
mercially durable. A rack and pinion, for instance, used to raise a 
sluice gale for a dam. If made strong enough, would evidently wear 
IndeflDltely. though they might rust away. It la plain that all gear- 
ing designed for occasional or Intermittent use, even under heavy loads. 
Is strong enough to wear well If it la strong enough to bear the load 
placed upon it. With gearing used tor the continuous transmisalon 
of power, however, we cannot be sure of this. The gearing of a drive 
connecting a motor with a printing press, for Instance, might conceiv- 
ably be strong enough and yet not wear as long as the rest of the 
machine. 

The pinion will naturally wear faster than Its mate, since each of 
its teeth Is In action a greater number of times per minute. To make 
the life of the two more nearly alike, it la customary to make them of 
different materials, as already mentioned, the pinion being made of 
the more durable one. Thus, a combination of steel pinion and cast 
iron gear is common and occasionally conditions are found which war- 
rant the expense of a hardened steel pinion and a phosphor bronze 
gear. The use of the better material In the smaller gear of the pair Is 
proper from the standpoint of strength as well aa from that of dura- 
bility. An examination of the Lewis outline constants as tabulated In 
the preceding section of this chapter, will show that the teeth of the 
pinion are always weaker than those of the gear; so it is necessary, 

an excess of strength Is to be avoided In the gear, to make the plo- 

1 of the stronger material; but if the pinion is a little less durable 
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Aa the ntimber of teeUi tor the gear becomea sUU larger, the increw- 
fnc weight of the wheel mar be lightened bj catting ont rellering 
■paces In the web, or br abandoning the web entirely, and nalng anni 
for supporting the rim. This scheme, shown tn Fig. 14, with arms of 
oTkl section, is tbe one best adapted for small and medium sized gear 




blanks, and Is often used on tbe largest work as welL It la the hand- 
somest of all deslgna of gear wheels, when It Is In harmony with the 
rest of tbe machine to which It belongs. It requires somewhat more 
metal for the same strength than do tbe two designs next shown. It Is 




very easily molded. Suitable dlmenslocB for wbeels of various sizes 
made In this way, are tabulated below the Illustration. 

For the largest gears, made of steel, cast Iron or broaie castings, 
wheels with arms of + or H-aectlon are largely used. Dimensions 
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wheels of these lypes are given in Figs. 15 and IS. In these de- 
signs, the metal Is so distributed aa lo give a high degree of rigidity 
)r the weight. These two forma, particularly that in Fig. 16, are 
lore difficult to mold than those previously shown. The latter Tonn 
1 better for gears whose faces are very wide In proportion to their 
pitch, than either ot the two In Figs. 14 and 1j. 

The tabular dinienaions given tor the various forms of wheels ara 
I be conaldered as suggeative rather than authoritative. The tables 
have been In constant use for some years, however, and have proved 
to be very Batlsfactory. "Draft," (or removing tbo patterns from the 
sand In molding. Is cot shown In any of the Illustrations. It should 
be provided liberally, and should be added to the dimensions given, 
rather than taken off. 



Tbe GovemlnR Conditions In the DeBisn of Oesrlng' 

The problem ol gear design is one of materials and dimensions. The 
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dimensions arc those of strength, durability, etndency, smoothness of 
action, noiselessness and cost. The gear cannot attain perfection in 
all these particulars, as some of them arc mutually hostile: the Item 
of coat, especially, has to be sacrificed lo make a gain In any other 
direction. The problem of design Is thus one of compromise, and the 
designer has only his judgment to rely on in determining the relative 
Importance of the various considerations. 

It is possible, however, to lay down a few simple rules along tUs 
line. The prime consideration Is that of strength. If Iho teeth ot the 
gear are not strong enough to transmit tlie pressure they are calcu- 
lated on to bear, the gear will break, and the other virtues It may 
possess In tbe way ot cheapness, noiseleasness, etc.. will be of no avail. 
Ab baa already been stated, in gearing subjecled to occasional use only, 
the durability is sufBcient for all practical purposes if the strength la 
suffleleat; but there is a possibility that gearing tranamlltlng power 
at high speed may wear out before it breaks. Where gearing Is itsed, 
s Id automatic machinery, primarily to obtain certain desired move- 
ments In tbe mechanism, without requiring the transmission of any 
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drawing. This means that the hole is to he hoied and reamed tmUl 
it will make a good pnsh fit for a standard phig gage of the siae glTen. 
It will he noted that all the dimensions needed hy the workman who 
turns the hlank, are appended to the figure, while those needed by the 
workman who cats the teeth are giren in tabular form. 

The £ace riew of the gear on the left is needed only for showing the 
number and dimensions of the arms to the pattern-maker. For pin- 
ions and webbed gears it may be omitted. It Is not necessary in stand- 
ard gearing to show the shape of the teeth, so the side rlew Is giren 




RACK 

1 WANTED - MACH. STEEL 
RNISH ALL OVER 



DATA FOR CUTTINQ 
DIAMETRAL PITCH 



WHOLE DEPTH OF TOOTH 


O.TWO" 


ADDENDUM 


asm" 


THICKNESS OF TOOTH 


^jBoaf 


Na OF CUTTER 


I 



Fl0. la. Bacaxnpl* of Properlj DimMMioned IfeBfdt DiAwiuy 

as showing the blank before the teeth are cut. The pitch and bottom 
circles are represented by broken and dotted circles, respectiyely. The 
shape and kind of teeth (whether involute or cycloidal) Is taken care 
of by the cutter called for — specified by its proper number if it Is invo- 
lute, and by its letter if it is cycloldaL 

In Fig. 18 is shown a model drawing of a rack, which is self-explana- 
tory. Here, as in the previous case, the blank dimensions are shown 
attached to the figure of the rack, while the cutting dimensions are 
tabulated. The student may check up the dimensions given with the 
rules for gears and racks, page 20, if he desires practice in such calcu- 
lations. 

The expressions chordal tooth thickness and corrected addendum 
given in the table in Fig. 17, are terms which are not defined in this 
book. They refer to the correction of the tooth thickness and the ad- 
dendum for the curvature of the pitch line — a refinement which is not 
commonly practiced. Full explanation of the calculations required for 
obtaining these dimensions have not been considered to be within the 
scope of this book, but will be found in "Formulas in Gearing," pub- 
lished by the Brown & Sharpe Mfg. Co., Providence, R. I. For ordi- 
nan.' work it is sufficient to simply give the addendum and tooth thick- 
neFs as calculated by Rules 7, 8, 13 and 14, page 20. 



CHAPTER VI 



VARIATION OF T HE STRENGTH OF 
TEETH WITH THE VELOCITY' 

The generally accepted formula tor calculating the strenglli of gear 
teeth [s that proposed by Mr. Wilfred Lcwia, flrst published In the 
Proceedinga of the Engineers' Club of Philadelphia, January, 1883, 
and referred to In a preceding chapter. • 

The merit ot llila formula Ilea In the great number of variables 
taken into account ae compared with other rules In more or less com- 
n use, and In the fact that these variables are rationally considered. 
The effect of each of Ihem can be calculated with ac 
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the single exception of the infiuence of the velocity on the safe atreea. 
In the fifteen jears since the formula was first proposed, the original 
values for the stress Bs affected by the velocity have been largely used. 
Manjr designers, however, have felt that these values are rather unsatiS' 
factory, although most of them will agree that they err rather on 
the side of safety than otherwise. By referring to Mr. Lewis' original 
paper It will be seen that these values were not given as being defln- 
itely determined, but merely as agreeing well with BucceBstul ca^es 
met witb In bis own practice. The following la a general analysis ot 
I th^ conditions Involved, 
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A variation in the streogth of the teeth at a gear, due to a varlatioa 
In the velocity, can be due, of course, to but one thing — impact. To 
Illustrate this Idea, and to show the cHuae of the impact, we will aludr 
the action o( gearing under three dlCercut conditions. 

]. Gears of an imaginoTy undeflcctabtc material. — In Fig. 19 Is s 
diagram In which the horizontal distances give velocity in feet per 
roloute, and vertical dlEtancee give stresses in pounds per square Incb. 
starting In this case at 4.000, which Is assumed lo be the roailmuin 
fiber stress In the gear we are considering, due to the load at the pitch 
line, which la supposed to be constant at all speeds. If the teeth of 
this gear are perfectly formed and well fitted logether, bo that there U 




DO back lash. It the power Is delivered to them steadily and smoothlr. 
and the mechanism they drive runs without shock, any disturbance of 
the even movement will be impossible, and Impact will be entirely 
absent. In the diagram in Fig. 19. then, there will be no rise of mail- 
mum flber stresses with the velocity, so that the horizontal line A will 
show the conditions for this Imaginary case. 

2. With commercial material and Ihcoreticatly accurate workman- 
ship. The conditions In this case are shown in Fig. 20. with all Iha 
phenomena greatly exaggerated. The full lines show the conditions 
under load, while the dotted outlines show the conditions when the 
load Is removed from the driven gear. The teeth A,. B,. and A^ B,, 
carrying the load, are deflected by It, as shown. Tooth B. just about 
(o come Into contact with tooth A, la on that account shifted from Its 
normal position; it should be located as shown by the dotted lines. It 
It were In this position. It would come in contact with looth A under 
mathematically perfect eondlllons, and there would be no shock of 
engagement. As It Is, the two come suddenly Into action as shown at 
E. under different conditions than those contemplated by the design, 
thus Ihc contact takes place In the form of a slight blow, after which 
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the teeth are deflected more and more, until they have taken up their 
Bhare ot the load, as shown later at A, and B„ It the gears are moving 
very slowly, the deflection takes place very slowly, and the problem la 
practically a static one. If the gears are ruanlng at a high velocity, 
the problem becomes esaentlally a dynamic one, and fhe atressea are 
greater than with the slow speed. The increase In stress with the In- 
crease in speed for this second case could probably be represented by a 
line soniething like C, In Fig. 19. 

3- Wilh commercial maleriali and commercial accuracy. This is, 
of course, the practical case lo consider. A line to show the relation 
of the velocity to the maximum fiber stress for a given gear, would 
very probably look something like D in Fig, 19. This is. In fact, 
approximately the line which emtjodies the conclusions ot the Lewis 
tables for a static stress of 4.000 pounds. It is considerably higher 
than line C. because impact due to irregular tooth outlines is added to 
the impact due to the deHectlon. 

Practical Conalderatlona Affecting Design 

The fact that the variation ot Ihe strength wilh the velocity is due 
to Impact, suggests also a number of points relating to design. 

1. Valve of accuracj/. It la evident that this theory of Imiiact puis 
a premium on accuracy In workmanship for gears that are to run at 
high speed under a heavy load. It is probable that the strength of a 
given pair ot gears may be cut In two it the tooth outlines are not 
carefully determined, and !f the cutter Is not set centrally. This sug- 
gests the desirability of a greater sub-division of the standard cutter 
series for work of this kind. 

Z. RctUience of design and materials. In high-speed gearing It Is 
evident that the shock due to the Impact should be absorbed as quickly 
and as fully as possible. This suggests the use, at abnormally high 
speeds, of rawhide, wood, etc., tor one ot the members of the pair of 
gears. The Introduction ot spring couplings or similar devices may 
also be desirable, especially where the other parts ot the mechanism 
are liable to transmit shock to the gearing. 

3. Easing off the points of the tooth. There has afways been a 
sort ot superstition that the points of the tooth should be eased oIT to 
make the action smoother. This is done, of course, in standard Invo- 
lute gears, though tor another reason, that ot avoiding interference 
with the flanks ot the pinions. It can now be seen that there Is a solid 
baaia for this practice in all cases where gears are to run at such 
speeds that severe Impact is liable to take place. Referring to Fig. 20, 
teeth A and B are taking up the load very suddenly, owing to the tact 
that they are out ot step, due to the deflection of the other teeth 
momentarily carrying the load. Easing away the points of A and B 
would mitigate this sudden reception of the load, allowing the inevi- 
table deflection to take place more slowly, with a consequent gain In 
the strength of the gear at high speeds. 



I 
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Substituting these values in the general formula and reducing, we 
have for a 15-tooth cast iron spur pinion: 

H. P. = 0.6 P^ v/y (1) 

By a similar process, we find for a 15-tooth cast steel spur pinion: 

H. P. = 1.5 P'* 'sJT ( 2 ) 

For a bevel pinion, let 

d = small diameter of bevel, 

D = large diameter of bevel. 

BP'ATV d 

Then H. P. = x — . 

33,000 D 

d 2 

As — usually equals about — , we can say: 
D 3 

SP'ATV 2 

H.P. = X — 

33,000 3 

and for a 15-tooth cast iron bevel pinion, 

H. P. = 0.4 P'* s/Y' (3) 

For a 15-tooth cast steel bevel pinion, 

H. P. = P'" v/ Y (4 ) 

We now wish to find V in terms of revolutions per minute. For a 
15-tooth pinion, approximately: 

15xr.pm.xP' 

y = = 1.25r.p.m. X P'. 

12 

Substituting this value in (1) we have: 

H. P. = 0.6 P" >/ 1.25 ^.pTm^XP^ 
Squaring, H. P.» = 0.36 P** (1.25r.p.m. x P'). 
Reducing, and solving for P', we have for cast iron spur pinion: 



'I2.22H.P.* 
N/ r.p.m. 



P'=^l (6) 

.p. 

A similar substitution and reduction in formulas (2), (3) and (4) 
gives the following: 



For cast steel spur 

P 



*I 0.36H. P.« 

. P'= J (6) 

>/ r.p.m. 



* I 5.^ H. P.» 

iron bevel, P' = (7) 

N r.p.m. 



For cast 

.P 



*l 0.8H. P.« 
>l r.D.m. 



P^or cast steel bevel, P'= ^\ (8) 

r.p.m. 

For rapidly varying loads, or where there is much starting and stop- 
ping, it is well to reduce the safe stress to two-thirds that allowed by 
e above formulas. We then have: 
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* j 5 Yl, p.* 

For cast iron spur, H.P. = 0.4 yJlF* V; P' = .1 ^— ^. . . (9) 

N r.p.m. 



(10) 



' I 0.8 H.P.* 

For cast steel spur, H.P. = jP'=^/^; P'=: \ ... 

N r.p.m. 

*| 11.0H.P.» 

For cast Iron bevel, H.P. = 0.27 P'^s/ V; P'= ^ (U) 

N r.p.m. 

_ 'I 1.8 H. P.« 

For cast steel bevel. H.P. = 0.67 P^\/V; P'= ^1 (12) 

N r.p.m. 

The fifth root can be easily determined by logarithms on the slide 
rule, or from the usual tables, but the values for the common cases 
are given later. 

Corrections for Tooth Numbers 

It now remains to determine the correction for different numbers 
of teeth. 

As the teeth of pinions generally range from 12 to 30, we need not 

go outside these limits. Let N = number of teeth. Plotting the Lewis 

values for Y' for this case, and determining the nearest curve, we find 

that the straight line formula: 

22yr-f 45 

r= 

1,000 

expresses this curve very closely, as will be seen by the following 
comparative table: 

No. of y by y from No. of V by V from 

Teeth, JV Formula Lewis* Tables Teeth, JV Formula Lewis' Tables 

12 0.069 0.067 19 0.083 0.087 

13 0.071 0.070 20 0.085 0.090 

14 0.073 0.072 21 0.087 0.092 

15 0.075 0.075 23 0.091 0.094 

16 0.077 0.077 25 0.095 0.097 

17 0.079 0.080 27 0.099 0.100 

18 0.081 0.083 30 0.105 0.102 

Therefore, for other teeth, we can multiply the horse-power given in 

2N + A5 

the above formulas by , or more briefly by 0.027 N +0.6. 

75 

Correction for Increased Velocity 

We must also correct for the increased velocity of this larger pinion. 






<. c, multiply the result by vj — or 0.26 \/ N, The continued product 

15 

of these last two multipliers might be used, but this does not sim- 
plify the calculation. These - corrections need seldom be applied for 
preliminary work. 
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To Find the Pinion Diameter 

Lastly, to find the diameter of the pinion, approximately: 

NXP' 
diameter = , or 

IT 

diameter = 0.318 N P*, 
or for a 15-tooth pinion, 

diameter = 4.77 P' (13) 

If diametral pitch is desired, it is sufficiently close to say: 

3 

diametral pitch = — (14) 

P' 

The following formulas, therefore, Nos. (5) to (14) (as deduced 
above), give closely enough for all preliminary determinations, .the 
flize of pinion required of 15 teeth. 

Lewis' Tables Stress ^ Lewis* Tables 
■ I 2.22 H.P.* 'I 6.0H.P.» 

Cast iron spur, P'= . ^| 

N r.p.m. >/ r.p.m. 

•I 0.36 H.P.* •! 0.8H.P.« 

Cast steel spur, P'= ^ . I 

^ r.p.m. ^ r.p.m. 

M 5.0H.P.* »( 11.0H.P.» 

Cast iron bevel, P'=r I 

>! r.p.m. >l r.p.m. 

'I 0.8H.P.» *l 1.8H.P.« 

Cast steel bevel. P'= I 

N r.p.m. N r.p.m. 

Diameter = 4.77 P'. 

3 

Diametral pitch = — . 

P' 

. Practically, stock gears are made up to 3 inches circular pitch by %- 
inch steps, and a pitch of less than 1 inch is seldom used. 

The following table will therefore determine the roots for the near- 
est common pitch: 



No. or 


Fifth 


No. or 


Fifth 


No. or 


Fifth 


Root 


Power 


Root 


Power 


Root 


Power 


% 


0.24 


2 


32 


3% 


525 


1 


1 


2y4 


58 


4 


1.024 


IV* 


3 


2% 


98 


4% 


1.845 


1% 


8 


2% 


158 


5 


3.125 


1% 


16 


3 


243 


6 


7.776 



In case the revolutions per minute of the pinion are less than SO, 
which Is exceptionally slow, care must be taken in applying the for- 
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mula, or the allowable stress may be exceeded. With a 15-tooth pinion: 

80 r.p.m.=:100 feet per minute for 1-inch P*. 
40 r.p.m = 100 feet per minute for 2-inch P*. . 
27 r.p.m =: 100 feet per minute for 3-inch P*. 
20 r.p.m = 100 feet per minute for 4-inch P*. 

Chart for Rapid Solution of Qear Problema 

A simple three quadrant chart, Fig. 21, has been prepared for the 
rapid solution of these problems by mere inspection, good for aay nunt 
her of teeth, and for all the difterent styles, materials, and streues of 
gears given by the above formulas, but for occasional preliminary de- 
termination, the formulas are sufficient, as their solution is simple. 

It will, of course, be understood that the teeth considered in these 
formulas are those of the usual standard dimensions, in which the 
height of tooth equals seven-tenths of the pitch. What are known a9 
"short tooth gears," in which the height of tooth equals half the pitch, 
are undoubtedly stronger, but their smaller working face ia supposed 
to cause more rapid wear, and their use is not common. Although 
machine-molded cast gears run quietly at low speeds, they should not 
be used for rim speeds much over 1,000 feet per minute. For speeds 
of from 1,000 to 3,000 feet per minute cut gears should be substituted. 

For a quick approximation of the diameter of the pinion shaft In 
inches the following formula may be used: 

Shaft diameter = P' + 1. 

The weight of pinions and gears varies w^ith different makers. Pin- 
ions of from 12 to 30 teeth are usually made slightly wider than gears, 
even if they are not shrouded; and the smaller sizes have solid webs 
in place of arms. It is found that a formula of the form 

Weight in pounds = coefficient X P"*AX, 

will usually fit the weights. 
For many tables, the coefficients of the following values will serve: 

Weight of pinion = 0.35 P'^AX, 

weight of gear = 0.45 P'^AX, 
or where A := 3 P', 

Weight of pinion nrP'^V, 

weight of gear = 1.35 P'*^'' 

or whon diameter and P' are known, as X = , 

P' 

Weight of pinion = 3.1 PP'^, 

weight of gear = 4.2 DP\ 

The price of gears varies largely with different manufacturers. The 
price of cast tooth spur gears can be usually expressed by a formula of 
the following form: 

Price == (coeff. X P'X) + (coeff. x P'). 

Cut tooth gears usually cost about 20 per cent more than cast tooth; 
and cast steel gears from 50 to 75 per cent more than cast iron gears 
of the same size. 
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DATA FOR THE DESIGN OF DRIVING 
AND FEED MECHANISMS 

There is iirobably no braiitli of riiaclilne deeign In wiilth ereatoit 
i-hangea have taken plate in recent years than that o( the design ol 
machine tools. The greaitr part of these changes are without doiibi 
due to the worli ot Mr Fred W. Taylor, the diecoverer of high-speed 
Bteel, who has more thoroughly Investigated the capabllUleB and pos- 
sible performances af metaj tutting tools than any other man. The 
writer bad occasion eome time ago to study carefulty Mr. Taylor's 
paper "On the Art of Cutting Metals." His study of tbls paper, together 
with his own experience in machine tool design and operation, has 
brought him to certain conclusions in regard to eome points in machine 
tool design which will be of interest and value not only to those who 
may themselves design and build such tools, but also to everyone who 
has to purchase or use tbem. 

Batlo oC Speed Ohang'es 

The Sret point to which the writer would ctill attention Is the neces- 
elty of a sufficient number of speed changes. Those who have read 
Ur. Taylor'B paper will remember that be Hhows that there 1b a definite 
relation between the cutting speed and the length of time which a tool 
will last withoul regrlnding. Should the machine be run at too high 
a speed, tbe tool will last but a short time t>etoTe it will have to be 
reground. Should It be run al too low a speed, less work, of course, 
wlU be done, although the tool wilt last a comparatively long time. 
Somewhere there is a golden mean at which the cost of machining plus 
the cost of too! dressing is a minimum, and theoretically our machine 
should always tte run at thai speed. Of course. In handling materials 
of varying grades of hardness, and, in the case of lathes and boring 
mills, of varying diameters, this would necessitate a very great number 
of speed cbangee. If the number of speed changes be limited, II is 
apparent that the machine cannot always be working at the point of 
maximum efficiency. The speed of cutting which gives the maximum 
efficiency is shown In Mr. Taylor's paper to be that speed which will 
destroy the tool In from 50 minutes in the case of a %-lnch X l-lnch 
roughing tool, to 1 hour and 50 minutes In the case of a 2-lneh X 3-lnch 
roughing tool. These times are of course only approximations and 
will vary somewhat with the cost of steel and labor and the value of 
the machine in which the tool Is used. If the machine be slowed down 
from this proper apeed, the cost of machining will slowly increase, but 
It the machine be speeded up above this proper speed, the cost ot 
machining will Increase very rapidly. In his paper Mr. Taylor gives 
a diagram wherein It is shown that If the machine be slowed down so 
that the duration of the cut la Increased from 50 minutes to about 4 , 
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hours and M nlBste*. tbe niMbUie ts tbeo working u mboat fO per 
ent o( its [ormer cOi^mkt. If Uw iBUlii»e be siM«ded ap nntil Ute 
dnntiOB of the cut ta 4ecn*Md to abovl IS Blnotes. Um tnacblne will 
agBln Iw working nt ahoat M per cent HfldeKcr. Ttila range of speed 
la iliowa br Mr. T^lor^ cqaatlooa U be tn Uie ntto ot\ 15 to |* ~^ 
or at 1 to 1.45. ConseqtMDU?. If we bare a madilDe taa<ring several 
speeds wiih the cooctaBt ratio of L45 between the snccessfTe speeds, 
we kDon tbac such a machine maf always be made to operate wltbin 
90 p«r cent of its maiimam elScleacT. and tbat on tfae aTerage it will 
operate at more than 9b per cent o( Its best efficieocjr. 

Tlie iaWoyia^ table, which Is derlned in tbe maaoer Indicated frani 
tbe diagram giveii In Mr. Tajlor'a p&per, shows tbe speed ratios corre- 
} the glren average and miDimnm efflclencles of working. 

UinimanBfficiency 

99 2 per cent 
97.3 per cent 
94.5 per cent 
91.2 per cent 
87.0 per cent 
SI .2 per cent 
T3.0 per cent 
1 to the ease of very costly 
3 reduce tbe ratio between 
' doubling tbe number of 



RiUo A-rrr^gf EfficicocT 

1.1 99.6 per cent 

Vi 98.7 per cent 

L3 97.3 per cent 

L4 95.8 percent 

L6 93.6 per cent 

1.6 90.6 percent 

l.T SG.5 per cent 

From tbe table It will appear that ev« 
machines it Is of no particular advantage t 
successive speeds unduly. For instance, b 
speeds and reducing tbe apeed ratio from 1.2 to 1.1, we will Increase 
tbe average efScl^Dc; of tbe machine onlj about 1 per cent. It Is very 
doubtful it the accidental variations in shop conditions wonld not be 
BO great that tbe g&ln In practical work would be nothing, since tbe 
workman or Ibe speed boss, as the case might be, would be unable lo 
decide which of two or three speeds would be tbe best. The writer is 
therefore of the oploloD that there Is ebeotulely no practical advaptage 
In reducing the speed ratio below 1.2 and thai in the case of machines 
ot ordinary type and cost, a ratio of 1.3 ta as small as Is advisable. In 
the case ot a speed ratio of 1.3. the mai-hlne can always be made to 
operate at such a speed that the efllciency of working will be above 94.5 
per cent and In the average case tbe efllciency will exceed 97.5 per cenL 
The 2.5 per cent loss of efficiency bo caused la Inappreciable as com- 
pared with other sources o( loss, and It Is exceedingly doubtful If the 
added coat of additional speed changes would not more tbao compen- 
sate for the possible 1 or 2 per cent ot gain, entirely aside from tbe 
question of whether the extra speed changes would permit this tbeo- 
retlcal gain to be realized. 

The writer la also of the ojiinlon thai a speed ratio of more than l.ii 
In the case of exppnaive machinery operated by highly skilled help, or 
o( 1.7 In the case of cheap machinery operated by comparatively un- 
skilled help la Inadvisable, It will be seen Ibat with a speed ratio of 
1.5 the average efflcleticy of working Is, In general, about 93.6 per cent, 
making the loss of efficiency in the average case about 6.5, or aay 6 per 
cent. It will be seen that when the rent of the fool plus tbe wages of a 
mechanic amounts to t1 a day or upward, this G per cent of loss means 
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a money loss of (0,25 or more per day, or upward of ITS a year, 
tours'", an inrreaEp in the rumber of speed changes and reduction ot 
ratio would not save all this loss, but assuming that It would save hall ' 
of it. and further, that the machine is operating only balf the time, It 
1b evident that we can afford to spend tiat) or 1200 Cor the extra speed 
cbangea necessary in order to bring the speed ratio down to 1.3, In 
the case tit a ratio of l.T, the loss is 12 or 13 per cent Instead of only i; 
per cent, and these figures apply with greatly added force. 

We are thus compelled to the conclusion that the iisefiil range of the 
speed ratio In machine tool work Is very narrow, ranging from 1.3 to 
1.5 Id ordinary cases and that a range of from 1,2 to 1.7 includes the 
very extremes of rational practice. 

Need or Speed Chaneea Being Easily Made 

A second point in connection with the matter of the speed changrs 
of machine tools whirh is of great Importance Is that these changes 
should be easily and qnlekly made so that the operator will have every 
Incentive to use the proper speed. This ia a matter of less importance 
In the case of planers than In the ease of lathes and boring mills, since 
a planer requires a change of speed only when the character of tb» 
material which Is being cut is changed, while the lathe requires a I 
cbiinge when any great change is made In the diameter of the work 
operated upon. I 

In this respect a niotor.driven tool may have a distinct advantag'> 
over a helt-drlven tool. The controller furnishes a ready means for 
varying the speed while the shifting of a belt from pulley to pulley 
is not always readily accomplished, and most machinists would much 
rather take Iwo cuts of differing diameters on the back-gear than shift 
the belt from the small to the large putley and throw oul the back-gear 
in order to obtain the faster speed from the open belt. This is par- 
ticularly the case when the cuts are of small duration, so that the 
shifting would be frequent. 

II will be evident to the thoughtful mechanic that it is ot great ad- i 
vantage to have the speed-changing mechanism so constructed that the i 
change may be made without stopping ihe machine. In the case ol 1 
large machines It will be of great advantage to be able to effect the 
speed change from the operating station, nhlch for Instance in the caae 
of a long lathe will be Ihe carriage. To the writer's mind the particu- 
lar advantage of these refinements which he Huggests, and which will 
be found embodied In many ot the designs of our best tool makers, lies 
not in the tact that the time required to make the necessary speed 
changes is shortened, but in the fact that the workman finds it Just as 
trasy to run his machine at the proper speed as at an Improper one. I 
Batia ot Feed Chaneree 

A matter of even greater importance than a proper series ot easily 
made speed changes Is a proper aeries of easily made feed changes. A 
change ot speed does not mean in general a correspondingly great 
change in thy efficiency of operation of a machine tool, but a rhange In 
feed does. Mr. Taylor points out in bis paper that In general the best 
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results in quaDtlty o( metal removed per hour are obtained wben tlie 
cross-section of the chip is a maximum, even though this enlalia a 
comparatively low speed. Therefore It la of importance that the ma- 
chlniBt be able to take the heaviest cut which the nature of his work 
and the power and atltrness of hie machine will permit. Just as the 
beat resQlls in Ihe matter of cutting speeds are obtained when the sue- 
cesBive speeds run In geometric ratio, so the best reeults In the matter 
of feed adlustment are obtained wben the successive feeds run in geo- 
metric ratio, unless the number of obta,lnable feeds Is so great that 
the entire range Is closely covered. For Instance, a latbe equipped 
with the following feeds, 0.05, 0.10, 0.16, 0.20, 0.25, is distinctly Inferior 
in productive capacity to a lathe having the same number ot feeds 
arranged geometrically as follows, 0.05. 0.074, 0.111, 0.166, 0.25. wherein 
each fped la about 50 per cent greater than the preceding one. 

In general the best work Is obtained from a machine tool when the 
depth of cut Is made such that the total depth of metal to be cut away 
Is removed with one or two cuts. Such being the case, the depth of cut 
la practically fixed and not within the control of the operator, leaving 
the teed and speed as the variables which he must adjust. It is Im- 
portant therefore that the operator be able to take a cut bb heavy as 
the nature of the worlt or of the tool will permit, Mr. Taylor's paper 
shows that the speed of cutting la approximately Inversely proportional 
to the square root of the feed. It needs therefore only a very elemen- 
tary knowledge of matbematlCH to see that If the feed must be reduced 
to aay SO t>er cent of Ita maximum value, the output of (he latbe will 
be only about 90 per cent of Its maximum value. Or in general, if the 
feed be reduced from Its maximum possible value by any given per 
cent, then the output of the machine will be reduced from its corre- 
sponding maximum value by about one-half of that per cent. We may 
by means of Ibis principle compute the ratio tietween successive feeds 
which will give us any required average value for the efficiency of 
operation of the machine. The values so found are tabulated below: 



95 per c 

96 ■■ 
S4 '• 



Eflieienc 

90 per c 



1.32 
1.46 



Rati! 



2.2T 



An inspection of the table shows that when the ratio t>etween suc- 
cessive feeds Is about 1.1, the average efllclency of operation of the 
machine may be practically perfect, and that with any considerable 
Increase ot this ratio the efficiency droi>8 off. It Is the opinion ot the 
writer that the ratio between successive feeds should always be leas 
than 1.3 and that, more eepecially in the caae of expensive machinery, 
a value of 1.2 or less is preferable. 

Importance ot Convenience of Feed-cbanffioff Uechanlsm 

It has already been pointed out that the speed-changing mechanism 
should be of such a character that the speed changes may be easily 
and quickly made. In the same way It is of even greater Importance 
that the feed changes may be easily and quickly made. Id most small 
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lathes which are qow on the market, quick-change gears are fllted to 
the Bcrew-cutting mechanlgm. which are equally available as quick- 
change gears for the feed mechanism. In most shops small lathes are 
not used very much ot the lime for acrew-cuttlEg. and in (act nine 
lathes out o[ ten are never used for that purpose, but a quick-change 
gear mechanism is ot much Rieaier Importance when uaed for the 
purpose o( obtaining reed changes than when used (or the purpose of 
obtaining thread changee. In the average case the operator will not 
have to touch the thread-cutting gear once a week, while it may be 
advisable to change the feed every Ave minutes. In tbe case ot large 
lathes it Is advisabie to have the feed changes, not In the head-stock 
but Id the apron, in order that the workman may be encouraged to use 
a proper feed whenever possible. 

I'uUke lathes, planers are generally equipped with ratchet feeds. The 
successive values of the feed changes in the case ot a ratchet feed will 
necessarily run In an arithmetic and not a geometric series, the 
succeaslve feeds differing by some constant decimal of an Inch. 60 
long as the amount by which the successive feeds diller Is small, and 
the range of feeds given by the mechanism Is large, a ratchet feed Is 
perfectly aatlsfaetory. Many boring mllis are fitted with a teed mech- 
anism driven by a friction wheel of the tyiie generally known as a 
brush wheel, the driving mechanism consisting of a steel disk of 12 
to 16 Inches in diameter geared to tJie table, and against the face ot 
which a much smaller wheel edged with leather Is pressed. It Is 
obvious tbat if tbe steel disk rotate at a constant speed, the speed of 
the driven wheel and consequently the amount ot the feed may be 
varied by adjustiug its position. When It presses the disk near Us 
center it will revolve slowly. When It presses the disk near Its edge, it 
will revolve at a comparatively high speed. This feed mechanism has 
tbe advantage that it gives an Inflnlle number of feed changes over a 
wide range, but haa tbe disadvantage that it is not positive In its 
action, and lacks sufficient power tor certain kinds of work. On the 
whole, tbe best teed driving mechanism Is a nest of gears so arranged 
that any feed within the entire range may be had by the simple shift- 
ing of one or two levers. 

Stren^h of tbe Feed Uecbanlsm 
In that part of his paper discussing the force required to feed the 
tool of a lathe or boring mill, Mr. Taylor makes the assertion that the 
feed mechanism should have sufncient strength to "deliver at the nose 
of the tool a feeding pressure equal to the entire driving pressure of 
the chip upon the lip surface ot the too!." This would lead to the 
designing of a lathe or boring mill having teed gearing ot equal 
Btrength with its driving mechanism. In the case of planers and 
other machines In which the tool Is moved at a time when It la not 
cutting, these statements do not apply. It Is not generally the custom 
among machine tool builders to destgn machines having such strong 
fted works as Mr. Taylor's ideas call for, and the writer sees no 
reason why such strength Is necessary. The amount of force required 
to traverse :» tool In a lathe is not proportional to the width o( feed, 
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aud ttliile it may be true (01 t5ne (eeds thai tn tbe case of dull t 
the traversing pressure may be equal to, or greater than the AnvS^ 
v,ard pressure upon tbe tool, this Is not neoessarily the case with 
beary feeds. As tbe width of the feed Is increased, the downward 
pressure will increase almost in proportion, whllt^ the traversing 
pressure will increase comparatively little, so that whtn ibe lathe Is 
laklng the maslmum cut which Ibe driving mechanlEm is capable of 
liandliag. the pressure required to teed the tool Into Ibe work, even 
though It be very dull, is much less than the downward pressure. It 
Is the writer's opinion that a feed mechanism designed to have one- 
half the Rirengih of Ibe driving mechanism is ample for large tools, 
while tor sraall tools in which of course the feed will be finer, a 
strength of two-thirds of the driving mechanism might be preferable. 
"BrealclnK Piece" of Feed Mecbantsm 

The feed mechanlBm should be provided wiih a breaking piece whose 
strength will be lees than that of the rest of the mechanism and 
which may be cheaply and easily replaced. The office of this piece is to 
prevent the breaking of the more costly and less easily replaced parts 
of the mechanism, exactly as the fuse In an electric circuit prevents 
the destruction of any other part of the circuit- Two forms of break- 
ing piece sometimes used for such service are, first, a. soft steel pin, 
driven through a shaft and hub of Jiarder steel, which shears off when 
tbe strain becomes too great; and second, a short section of shaft 
turned down at its center, which twists oft under similar circum- 
stanies. A breaking piece must be of such a character that it wilt 
not spoil any of the rest of tbe mechanism when ft breaJts. and should 
not cost more than a tew cents, and should be as easily removed and 
replaced as a common change gear. 

It must not be imagined that a feed gearing designed (o have one- 
half the strength of the driving gear will not be strong enough lo 
meet Mr. Taylor's requirements In all ordinary cases. If a tool be de- 
signed to take a maximum tut of ^S. inch by M, inch, it Is not likely 
that much of tta work will be done with such a heavy cut. If both 
driving »nd feed gearing be designed with a proper factor of safety, 
there is ample margin of strength for alt usual conditions, while a 
breaking piece is the best provision against extraordinary stresses. 
PreBBure on Lip Surface of Tool and Its Belatloa to Dealgii 

The pressure upon the lip surface o( the tool is required In order 
that the designer may know, first, tbe strength required of the driving 
mechanism and frame of a machine; second, the power required by the 
machine; and third, the strength required for the feed meebanlsm. 
Tbe two materials upon which tbe vast majority of machine tools are 
called to operate are cast iron and steel. Taking first the case of cast 
iron, we find from Mr. Taylor's paper that the pressure upon tie lip 
surface of the tool varies from 75,000 to 150,000 pounds per square 
Inch of chip section In tbe case of soft Iron, and from 120,000 lo 
226,000 pounds in the case of hard cast Iron. Tbe finer tbe teed, the 
■'greater the pressure per square inch upon the lip surface of the tool. 
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Tims witli an Vi,-lDch deptli of cut and l/G4-lnoh feed, tbe lire 
llie tool is about 289 poUDds. or Hfi.OcKi pounds ppr square inch. Witb 
the same dsptll o( cut and '^-inch feed, the preaaure on the tool is 
1.358 iJounda, or only atout 86,900 pounds per square Inch of chip sec- 
tion. Both these figures are given tor soft east Iran. Mr. Taylot 
formulas for the total pressure of the worlt upon the lip atirface or-^ 
the tool, but Ihe following (able will be found more convenient (or f 
obralning the required values, although the figures given are > 
ODiy approximations: 

Feed, Tnehes Siifi Cnat Iron Hard CiKl Ircin 

1/84 140.000 220,000 

1/32 120,000 190,000 

1/16 100,000 160.000 

1/8 85,000 135.000 

In the case of soft and medium steels we find that the presaure In 
pounds per square inch of chip section runs from 2S0.000 lo 300,000 
pounds, being greater In (he case of the finer feeds. In the case of 
special steels which combine high tensile strength and great elonga- 
tioo. it Is probable that thpse figures would be very much exceeded. 
The amount of the feed and depth of cut will depend on the kind of 
nork which Is to be machined. In the caae of small castings, 3/16 
inch Is an ample allonance for depth of cut and ^ Inch would be 
much IDore usual. In tbe caae of very large and heavy castings the 
depth of cut required might run up to \^ inch, and in (he caae o( large 
"meaty" forginga, it may be even greater than this at some places. In 
those cases where Ihe area of chip section Is not fixed by the work, as 
in the case of stocky forglngs and castings, the greatest width of teed 
is limited by the strength of the machine itgelt. which In turn Is 
limited only by the length of the purchaser's purse. Presumably it 
would be possible to build a boring mill or a planer capable of taking 
a cut au Inch deep with an inch feed if anyone wished to pay for such 
a machine, but whether it could do the average line of work aa eco- 
nomically as a macblDe taking a %-lnch cut with tj^-inch width of feed 
la another matter. While there is no settled rule either tor the mazl- 
niuro depth of cut or width of feed for any particular type of machine; 
the matter of the size of tool used is generally definitely known, 
the case of forged roughing tools the maximum chip section ^rlll be] 
from 2 to 3 per cent of the area of the section of the tool shank. 
Instance, the heaviest cut which a tool forged from 1-Inch by l<i«-lnctl 
stock will he railed upon to take will be Vi Inch by '4 Inch, or per- 
haps a Irlfie gi*eaier. In the case of tools ground from bar stock and 
held In tool-holders, the section of the chip may run up aa high as b 
per cent of the section of the bar. Knowing the size ot tool tor whicli 
the tool-holders are designed, we may proportion our machine ac- 
cordingly. 

A matter which has great effect not only upon the quantit]'' of work 
which a machine is capable of doing, but also upon Its accuracy and 
length of useful life, is its stiffness. While It is true that If we know 
tbo maximum pressure upon the lip-surface ot the tool, ve may design 
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& machine lor str^ngtli and have one whieh will probably never break 
In service, yet 11 is often better lo add many times the quantity of 
metal which mere Blrengtb would eall for, in order lo have B machine 
wlili the maximum of stlfTneBS, Stiffness In machine tool design has 
to do with two points, the first being the actual deflection of the 
metal of which it is composed under the stresses wlilch come upon ]l 
in operation: the second Is the play which Invariably exists at all 
joints, more especially the slides of compound rests in lathes, and of 
saddles In Imrlng mills and planers. The best remedy for actual 
deflection of meta! Is to use plenty of it. and (a distribute It In sucli 
a, nay as to realize from It Its maximum strength. The writer has 
found that an excellent method of designing such machine parts as 
require great sliffness ia by comparison with existing tools whose 
operation Is satisfactory. Let us assume for instance that we are lo 
design the croes-rall of a planer. The rail is lo be 8 feet between the 
housings and the overhang of the tool below the center of the rail 
Is to be 30 Inches. The tut is to be, let us say, 14 Inch deep by H 
loch feed. Liet us assume further that we have at our disposal a 
-i-foot planer, the overhang of whose cutting lool Is 15 inches, and 
which wll! take In a satisfactory manner a cut 14 iD^')! deep by 1/18 
Inch feed. We now have sufficient data lo satisfactorily design a 
cross-rail for the larger planer. It we assume that the deHection ot 
the tool produced in Ihe two cases should be identical in order to 
have the work equally satisfactory, we will find that the pressure 
upon the tool of the larger planer will be 4 times that upon the tool 
ot the smaller; that both the bending and the twisting moments set 
up In the croBS-rall will be g times as large, and that the distance 
over which these momenis will operate to produce a deflection will 
be twice as great. Therefore, if the two rails had the same cross- 
section, the deflection of the tool ot the larger machine would be 16 
tiroes that of the tool of the smaller. The stlffnesB of two bodies of 
similar section varies directly as the 4th power of the ratio of their 
homologous dimensions. Therefore, if we make the section of the 
rail of the larger machine similar In form to that of the rail ot the 
smaller machine, each dimension twice as great as the correspooding 
dimension of the smaller rail, it will be 16 times as stiff and the 
deflections In the two cases wilt be Identical. In case the rail of the 
smaller machine were not of the best form to resist the stressea which 
it must sustain, the form might be changed, the designer using his 
best judgment as to what effect such change might have upon Its 
stiffness. 
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SPEEDS AND FEEDS OP MACHINE TOOLS 

In (lefilgnhig maclHne tools o( any type, be it a lathe. mlMlag 
niachlDa, grinding machlae. etc., aside from the correct proporlloaias 
of the parts, and the iotroductloa OF convenient tneaus tor rapidly 
prodiiciDg certain motions, a very important Factor is to be taken Into 
consideration, that Is. the correct proportioning of ihe speeds and feeds 
of thpse various machines- Before entering into an explanatloa of the 
, method wlilch is lo be set forth later, we will explain some of the 
preliminary considerations vhicb are to be met by Ihe designer. Sup- 
posing a problem ot designing a lathe be presented; !t follows, at once, 
that certain conditions limiting the problem are also given. These 
limiting conditions may be considered as the size and materia! of the 
piece to be turned. 

We consider the material of a piece to be machined as a limiting 
condition for the reason that a lathe turning wood must run at a 
different speed from one turning brass, and the latter at a different 
speed from a lathe turning iron or steel. Then, again. In turning a 
trntdt piece, our machine will revolve faster than in turning a large 
piece. The speeds required for machining advantageously the diftereat 
materials, according to the different diameters, may be termed ''surface 
speeds." Rouglily speaking, the surface speeds for the different 
materials vary within comparatively narrow tlmlts. We may assume 
the following speeds for the following materials (using carbon ateel 
cutOng .tools) : 

Cast Iron 30 to 45 feet per minute. 

Bteel 20 to 25 feet per ralnule. 

Wrought iron 30 feet per minute. 

Brass 40 to 60 feet per minute. 

For cast iron as found in Europe, we may assume 20 to 35 feet per 
minute: this lower figure is due to the fact that European cast Iron 
IS considerably harder. 

The surface speeds above given are. of course, approximate, and it 
is left to the juHgment of the deslgoer to modify them according to 
the special given conditions. These surface speeds for cutting metal 
are the same whether the piece to be cut revolves, or ihe cutting tool 
revolves around the piece, or. as in a planer, the cutting tool moves 
in a straight line along or over the work. Therefore, the surface 
speeds in a general sense hold good for all types of niachlaes, such as 
milling machines, lathes, geai'-cuttlng machines, drilling machines, 
planers, etc. 

Suppose that a problem la given requfring that a lathe be designed 
to turn both cast Iron and steel, and lo turn pieces from one-half Inch 
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to twelve incli€s in diameter. Simple calculation will sbow us ibat 
a piece of work one*lialf inch in diameter, and having a surlace speed 
of 30 feet per miaute. as would be suitable (or cast iron, must make 
230 revoluilona per minute. A piece of steel, wbich is 12 Inches In 
diameter, with a surface speed of 20 feet per minute, must make 6.5 
revolutions per minute approvimately. It follows that the lathe to con- 
form to the conditions imposed. luust have speeds of the spindle vary- 
ing [rom 6.5 to 230 revolutions per minute. These are the maximum 
and minimum speeds required. To meet the varying conditions of 
Intermediate diameters, the lathe will be constructed to give a certain 
number of speeds. The lathe, probably, will be back-geared and have 
a four-. Qve-, or six-step cone. 

In a correct design these various speeds must have a'fixed relation 
to each other. For reasons explained in Chapter 111 these speeds must 
form a geometrical progression, and the problem briefly stated is this: 
"The speeds (the slowest and fastest being givea) are to be propor- 
tioned In such a manner that they will form a geometrical progression." 
The ratio of the gearing is also to be found, A geometrical progression 
lu a series of numbers is a progressive increase or decrease la each 
Buccesslve number by the same multiplier or divisor at each step, as 
3. 9, 27, 81, etc. 



To treat the problem algebraically let there be 
11=: number of required speeds, 
a ^slowest speed, 



= number of speeds of cone, 

= number of stops or Intervals In the progression of required 



m 



f:=: ratio of geometrical progression, or factor wherewith to mul- 
tiply any speed to get the next higher. 
Algebraically expressed, the various speeds, tlierefore, form the fol- 
lowing series: 



ti.a/.a/'.ap 
The last, or fttstest speed, is ei 
Therefore, a/"-' = 6, or 



by a/°-' and also by the letter b. 



-, and / : 



■^^ 



Suppose we have, as an example, a lathe with a four-speed cone, 
tiiple geared. In this case we would have four speeds for the cone, 
(our more speeds for the cone with back-geara. and still four more 
speeds with triple-gears; therefore. In all. twelve speeds. Assuming a 
aa the slowest speed In this ease. 6 would be expressed by of", and the 
series, tlierefore, beginning with the fastest speed, would run 
or, ar. ar or, a^ a. 

The four fastest speeds, which are obtainable by means ol the cone 
alone would be 

or, or, ar. ar. 
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Dividing each of the four membera o( this eeries by T. we obtala ^ 
the tolloving serlee: 

af. af. of. af, 
as the speeds of cone with back-gears. 

Agato dividing the seriee of speeds of the cone af to o^ by f X f*^ ' 
/• we obtain ihe series 

af, ar, af, a. 
as the series of speeds Of cone wltli trlple*ge&rs. 

We have, therefore, Iq thia way accounUd tor all the twelve spetds 1 
that the combination given Is capable of, and it Is now very evident I 
that the ratio of the back-geara must be f, or. In general, f , It d^ § 
number of speeds of cone, and the ratio of triple-gears t* (or, In { 
eral, (•'). 

By carrying thlii example sllll further, we would Bnd that the ratio I 
Qf quadruple-gears would be f. 

We can summarize the preceding statements, and put them In a more 1 
ccDvenient form for calculation by writing: 

}g at ratio Of back-gears —dlgf 

Ig of ratio ot triple-gears ~2Algf 

Ig of ratio of quadruple-gears ^=Zdlgf 

The probUm. with Ihfs conslderallon. therefore. Is solved. An exam- 
ple will be worked out below. 

We will now consider a complication of the problem. which very 
often occurs. Should the overhead work of the drive in consideration 
have two speeds, then we will obtain double the number of available 
speeds for the machine, and this number of speeds may be expressed 
by 2n, In order to conform to the nomenclature used above. This 
tnodtfled problem is treated Just as the problem above, and the series 
of speeds is found as in the Orst case, and we have as a factor 



:-;j; 



We must consider now that one-half Ihe obtained speeds are due to 
the first overhead speed, the other half to the second. 

In writing the odd numbers of speeds found in one line, and the even 
numbers of speeds in another, we obtain the Following two series: 

a.nf^ar ar—.ar--' 

a/.af'.af^ a/— ^a/'-' 

In examining these two series, we will find that the.v are both 
geometrical progressions, and furthermore, that both progressions have 
the Eame factor, and calling this factor, f^, we have 

and the ratio of the two counter-shaft speeds is equal to f. because to 
obtain any speed In the second series we multiply the corresponding 
Bfioei in the first series by f. The two series in our case are due to 
the two overhead speeds. We need to concern ourselves with only one 
(either one of the two series), and without going again through the 




rlT^^I 
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explanation for tHe flrat case, ft Is very evident that we will arili 
the roUowlng conclusions: 

Ig or ratio of back-gears ^ d'ffA 

10 of ratio of trtple-eears ^2illgf, 

Ig of ratio of quadruple-gears ^ 3d tg f. 

Having in this wa}- obtained all the desired speeds and the ratios □( 

the gears, it Is a alniple matter for the designer to determine Ihe 

actual diameters of the various steps for Vie cone and for the gears. 

To do BO he haa at hts disposal varioiTB methods." -which need not be 

explained here. The main thing for him to have la a geometrical 

progression of speeds, as a foundation for his design. 

Problem]. A Ttiplo-Qaared Lathe 

Suppose the following example to be given: Proportion the Bpeeda 

and find the gear ratio of a slx-siep cone, triple-geared lathe: elowest 

speed. 0.75 revolution per minute; rastest. 117 revolutions per minute. 

This example of a six-step cone, triple-geared, will give lu eighteen 

available speeds. Using our previous notation. n^lS, ii — 1^17, a^ 

0.75, and 6^117: therefore 



•J 0,75 nI ' 



The slowest speed being given, we multiply it bj' the factor f to 
Obtain the next higher, and this one In turn is again muttlplied b^ the 



OOHPLBTa 

Ig 0-75 = 0,8750613 
Ig f = 0.12a0073 



or OONB rULLST BFEaPB 

1.0361270 = fj7 10.81 
0.1290073 



l.^9^l4l6 = ll^ 19.685 



2.06S1854=I(rH7.«l 



• See M*CHIMSHV'S Reforeow Series. No, 
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fflotor /, and so on. until we bave reachei! rhe highest sp 
I'Ui root of 156 la easiesi found by tie use o( logarithms. 

We have 

f(j 156 = 2.1931246 
Ig f = 1/17 Iff 1S6 = 0.1290073 
^ = 1.3459 

Now we follow out the multiplication by finding the iDgarllhni of 
0.T5, the slowest speed, adding to It the loearltbm of the factor f to 
obtain the logarithm of tlie next higher speed; and adding the logarithm 
of factor f to the sum ot these two logarithms will give us the log- 
arithm of the next higher spe^d. By looking up the numbers for these 
logarithms, we flad these speeds to be 1.009 and 1.35S. The complete 
calcniatloa Is glren In tabulated form on the previous page. 

Now, for example, the number of speeds of cone <i equals 6, and 
according to our formula, the logarithm of the ratio ot the back- 
geara^d J0 (, and the logarithm of the ratio of the triple-gears ^ 
2rf fff f. Expressed Id Hgures we have: 

;ff/ = 0.1290073X 6 = 0.7740438. and the ratio of the back-gears = 
5.9485. Further. 13 Js(/ = 1.5480876, and the ratio of the triple-gears = 
35.325. 

Problem 3.— Latbe with two Counter-shaft Bpeede 

Suppose the following example is given: Proportion the speed; and 
Qud the gear-ratio of a four-step cone, back-geared, two speeds to 
counter-shaft; slowest speed, 2G revoluiions per minute; fastest speed, 
500 revolutions per minute. 

In this case n^S; 2 n ^16; and, consequently. 



■'^"^^"^ 



20 = 1, a 



In followit]g out the calculation as shown in Problem 1, we obtain 
the following series of sixteen speeds: 

1) 25.00 5) 55.58 9) 123.54 13) 274,64 

2) 30.63 S) 6T.S6 10) 150.S5 14} 335.35 

3) 37.28 7) 82.gfi 11) 184.20 15) 409.48 

4) 45,51 8) 101.18 12) 224.92 IB) 500.00 

Of these sixteen speeds, eight are due to one over-head work speed; 
the other eight are due to the second over-head work speed. We write 
the odd and even speeds in two series, as below; 

F(r« Series. Second SerifE. 

1) 25.00 2) 30.53 

3) 37.28 4) 45.61 

5) 56.58 6] 67.86 

7) 82.86 8) 101.18 

9) 12354 10) 150.85 

II) 184,20 12) 224.92 

13) 274.64 14) 33B.35 

15) 409.48 16) 500.00 
In order to find ihe ratio of the back-gears, we can use either one 

ot these two series, and as explained above. f, = f. We therefore 
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have 1.221' = /,, and further i X Jg A'= T&tlo of back-gears. From 
thiB the ratlQ of the back-gears = 4.9118. We also know that the ratio 
of counler-ahatt speeda = / = 1.231. 

This method of geometrically proportioning epeedfl In machine drives, 
which has been explained at length, will be found, after one or t^to 
applications, a rather simple one. But Its usefulness Is not limited to 
the proportionlng.of speeds iu machine drives, as It can also be applied 
to the proportioning of feeds, 

Faeda for Machine Tools 

Before proceeding to apply this method to geometrically proportloa- 
Ing feeds In machines, a few remarks on feeds may cot be ont of 
place. By feeds are understood the advances of table, carriage, or 
v'ork. in relation to the revolutions of the machine spindle. Feeds 
may be expressed In Inches per minute or Inches per reyolutloD of 
spindle. In a. table given below, feeds tor different machines are given 
In Inches for one revolution per spindle, where not otherwise specified. 
This table ts supposed to represent modern practice, with carbon steel 
cutting toots, but the figures given, of course, represent general experi- 
ence, and special cases, no doubt, will ofteo modify tbem considerably. 

Plain milling niachlae 0.005 - 0.2 

Large plain milling machine 0.010 - 0.3 

Universal mlUlng machine - 0.003-0.3 

Large universal milling machine 0.003-0.25 

Automatic gear cutter, small 0.005 - 0.1 

Drills (spindle-feed) 0.004-0.02 

Planing machine (traverse feed) 0.005-0,7 

Slotting machine (feed of work) 0.005-0.2 

Drilling long holes In spladles (per revolution 

of drill) 0.003 - 0.01 

Lathes, feed for roughing 5G - SO turns per Incb 

Laihea, feed for flnlBblng 112 turns per Inch, 

Dnlvereal Qrindlng Mtichine 
Surface speed of emery-wheel, 4.000-7,000 feet per minute. Traverse 
of platen or wheel, 2 to 32 Inches per minute; the fast feeds are (or 
cast iron. Surface speed of work on centers, 130-160 (eet per minute. 
For Inlernal work use the following surface speeds of emery-wheel 
(highest nominal speeds), with no allowance for slip of belt; lowest 
nominal speed about 40 per cent less. Any speed between should be 
obtainable. 

Diameter ol Whtel. Feel per Minute. 

1 5/8 3,G0O 

1 2,760 



3/4 
7/16 



2,100 
1,450 



SuTRice Orlndin? Machine 
1 of emery wheel, 4,000-7,000 feet per minute. Table 
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Problem 3 —The Feeds of a. UiUlog Mechlne 
The problem of proportioning the feeds of different maciimes varies 
In eacli caee, althougb alwaj's embodying elmilar prlaciplea. It Is, 
therefore, proposed to take a typical case and apply tUe method to the 
problem presented, and in this way explain the advantagea of the 
particular method referred to. 




Id Pig. 1 iH given an outline drawing of a milting machine. The 
type selected U not one of tlie latest designs, because It is easier to 
comprehend the principles involved in a type such as sbown. The 
application of the principles, however, is, with few modifications, the 
a for the moat modem gear-teed types, as tor the one shown. The 
problem In this case will be the following: Given the fastest and 
slovest feeds per one revolution of main spindle, proportion the 
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required reeda In such a manner that they will torm a geometrical 
progression. Cones D and E as well as pulleys X and 7 can be trans- 
jwsed. 

The main data with which ne have to concern ourselves about thla 
machine may be assumed to be as follows; lead screw, four threads 
per Inch, single; advance of screw per one revolution, 0.25 Inch: 
largest feed wanted. 0.25 (equal to one revolutlou or screw).. smallest 
feed wanted. 0^005 Inch (equal lo 1/50 revolution of screw); for one 
revolution of screw, shaft P (see Fig, 1) makes thirty revolotlons; 
(Of 1/50 revolution of screw, shaft P malies 30-=-50=:0.fi revolutions. 
The ratio of revolutions between the screw and shaft P Is therefore 
ur example as 1 to 30; that is, given the revolutions of shaft P 
we divide this number by 30 to obtain the revolutions of the screw. 
The revolutions of (he screw multiplied by the lead L (in this caw 
equal to 0.25) gives (he advaoce for given revolutions of P. -Let 

r = ratio of train from P to screw, 

L = lead of screw, 
flj=:revo!ulionH of shaft P per one revolution of spindle, 

p = advance or feed of screw per one revolution of spindle, ex- 
pressed In inches. 
We have 



RfL 



(1> 



If now n equals the numbers of feeda wanted, we obtain for f, tt 
factor wherewith to tnultiply each teed to get the next higher feed, 



^■^I 



r. the slowest speed of shaft P. That Is, 



■Rp 



= 0.6 ^ a. 



The problem in our case stated that cones D and E, as well as pol- 
leyaX and Y could be transposed. The cones have four steps, and 
transposing them gives us eight speeds. Pulle}*s X and T being also 
transpoaable gives, therefore. 2 X S^16 speeds. The numerical Talue 
for t 1b therefore In our case, 



"i 30 



The maximum and the minimum sjieeds of shaft P per one revolu- 
tion of spindle of machine, as well as the number of steps required, 
being known, we now readily obtain a geometrical series with the mini- 
mum speed of shaft P as a t>eglnnlng. and the maximum speed as the 
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lasi step. The numerical values that follow are found exactly tn ihe 

Barae way as the values tor the differeni speeds of a latbe drive aa 

already shown 

1) 0.6 

3) 0.78 
S) l.OI 

4) 1.31 
The value o( p. In o 



The required speeds of shaft P are th^n: 

5) 1,70 9» 4.83 13) 13.72 

6) 2.21 10) S.27 14) 17.81 

7) 2.87 11) 8.14 15) 23.11 

8) 3,72 12) 10.57 16) 30.00 
r case, hecomes, according to formula (1), 



R, X 0.25 



= 0.0083 R. 

80 
In whlcb Rf, the number of revolutions of shaft F. has the different 
values found above. By substituting these values o( Rp, we obtain the 
followinK feeds, which are the feeds of the lead screw per one turn 
of machine spindle. 



1) 0.6 X 0.0083 = 0.005 Inches 

2) 0.78 X 0.0083 = 0,0065 '■ 

3) 1,01X0.0083 = 0.0084 " 

4) 1.31X0.0083 = 0.0109 " 

5) 1.70X0,0083 = 0.0141 
G) 2.21X0.0083 = 0.0183 " 
71 2,87 X 0.0083 = 0.0238 " 
S) 3.72X0.0083=0.0308 " 

We now write the speeds found tor shaft P In 
tainlog the odd numbers and the other the e 



9) 4.83 X 0.0083 = 0,0400 Inches 
10) 6.27 X 0.0083 = 0,0520 , - 
.1) 8.14 X 0.0083 = 0.0677 " 
,2) 10,57 X 0.008S = 0.0877 " 
,3) 13.72 X 0.0083 = 0.113B " 
.4) 17.81X0.0083 = 0.1513 " ■ 
.3) 23.11X0.0083 = 0.1918 " 
,6) 30,00X0.0083^=0.2500 " 

columnB. one con. 

numbers, In this 





o.e 




1.01 




1.70 




2.87 




1.83 


11) 


S.14 


13) 


13.72 


15) 


23.11 



2) 


0,78 


4) 


1.31 


S) 


2.21 


6) 


3.72 


0) 


e.27 


2) 


10.57 


4) 


17.81 


6) 


30.00 



The series of speeds In each column forms a geometrical progre^lon, 
and we assume that the speeds In the flrst column are due to the posi- 
tion of the pulleys X and 1' as shown Id the outline drawing. Fig. 1. 
and that the speeds in the second column are due to a reversed posi- 
tion of X and Y. That is to say, the speeds in the second column 
Diiove are obtained after having changed Y to X and X to y. As these 
Bijeeds in the second column are eijiial to the speeds In the first column 
multiplied by factor f. It follows that the two speeds of shaft R are 
to each other as 1 Is to /. Assuming these two aijeeds to be m and n, 
the proportion exists. 

m:7i=l:/ (3) 



leys; it will be evid^r 
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Subsiitutlne ibe valuee (4) and (5) In formula (3) we tuve 



The value ot f being known, we have in formula (6) an expressiou 
of the relation which the diameters of the pulleys X and 7 mitst bear 
to eaeh other. Putting this formala into a more handy shape we Snd 






In using either (7) or (SI, and assuming one diameter, the other 
one Is easily found. The remaining part of the problem, that Is, to And 
the diameters of tbe cone, ts now a slinple matter. 



CHAPTER III 
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The present chapter contains considerable matter already treated 
In Chapter II. In order to malie the present chapter a complete whole 
by itself, it has. however, been considered advisable to repeat sucb 
statements and formulas as are necessary to fully comprehend the 
somewhat different treatment of the subject presented In this chapter. 

One of (be flrst problems encountered In the design of a new machine 
tool is that of laying out the drive. The importance ot a properly 
proportioned drive Is coming more and more to be recognlEed. The 
use ot high-speed steels, and tbe extra high pressure under which 
modern manufacturing Is carried on, precludes the use ot any but the 
most modem and efficient drive. 

The drive selected may 
depending on the conditions surrounding the < 
make tbe drive to consist of cone pulleys only 
leys in conjunction with one or more sets of gears; or we may make 
our drive to consist ot gears only, depending on one pulley, which 
runs at a constant speed, for our power. If the condilions will allow. 
we may use an electric motor, either independently or in connectJon 
with suitable gearing. 



of the following different kinds. 
in hand: We may 
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f having selected ihe torm nhlcti our drive is lo talte and tbe 
Bonnt of power to be delivered, which we will assume liaa been 
decided upon, we may turn our energiea lo the problem at arranging 
the successive speeds at which our machine Is to be driven. As most 
machines requiring the hind of drive with whk'h we are here con- 
cerned have epindles which either revolve the work, or a cutting tool 
that has to be worhed at certain predetermined speeds dependent on 
tbe peripheral speed ol tbe work or cutter, a. natural question to be 
asked at this point Is, "What Is the law governing the progression 
o[ these speeds?" 

As an example to show what relalion these speeds must bear to one 
another, let us suppose that we have Ave pieces at work to turn In a 
lathe, their diameters being 1, 2. B, 10. and 20 Inches respectively. 
Id order that the surface speed may be the same In each case we must 
revolve the one-inch piece twice as fast as the two-Inch piece, because 
tbe circumference varies directly as the diameter, so that a two-Inch 
piece would be twice as great In circumference as the one-Inch piece. 
The flve-inch piece would revolve only one-flfth as fast as the one-Inch 
piece; the lO-lncU piece 1/lOlh, the 20-Inch piece l/20th. We have 
seen that the addition of one Inch to the diameter of the one-Inch 
piece reduces the speed 100 per cent. 1( we add one inch to the two- 
Inch piece we reduce the speed 50 per cent, and similarly one inch 
added to the 5-, 10-, and 20-lnch pieces reduces the speed 20, 10, and B 
per cent respectively. Prom this we see that the speed must vary 
inversely with the diameter for any given surface speed. It also 
Bhows that the speeds differ by small Increments at the slow speeds, 
the Increment gradually Increasing as the speed Increases. Speeds 
laid out in accordance with the rules of geomelrlcal progression fulfill 
the requirements of the above conditions. 

If we multiply a number by a multiplier, then multiply the product 
by the same multiplier, and continue tbe operation a deSnile number 
of times, we have in the products obtained a series of numbers which 
are said to be in geometrical progression. Thus 1, 2, 4. S, 16, 32, 64 
Bre In geometrical progression, since each number la equal to the one 
preceding, multiplied by 2, which la called the ratio. The above may 
be expressed algebraically by the following formula: 



4 



,vbere b Is a term or number which is tbe nth term from a which 1 
'the first term In the series. The term r Is tbe ratio or constant mul- 
Opller. 

If we are given tbe maximum and minimum of a range of speedi 
we may find the ratio by tlie follawlng formula, when the number o( 



Sdi la given: 
Hm cases in 
of logarlthmE 



will express the above a 



e this formula would require the 
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Uigr=- 



n — 1 



Let US euppoee we are desIgoiDg a drive wbicb is to give a range of 
IS spindle speeds, from 10 to 223 revoimiona per minute. Now the 
first thing lo be done la to Hod tbe ratio r, which, by the above lormiila 
Is found to be 1.20, and by continued multiplication, the series Is 
found to be 10, 12, 14.4. 17,25, 20.7. 24.85. 29,8. Ss.S. 43, 51.6, fi2, 74.4. 
89.4. 107, 129', 155, 186. 223. 

Our drive can be made to consist of one of the many forms Just 
mentioned. As the cone and back-gear is the moel commoD form, and 
fills the conditions well, we will choose that style drive for the case 
In hand. We may have a cone of six steps, double back-gears and one 
counter-shaft speed, such as would be used In lathe designs, or we may 
use a cone with three steps, double back-gears and two counter-shaft 
speeds aa Is used in milling machines. This latter plan will be followed 
in our present case. 

There are two methods of arranging the counter-shaft speeds. First, 
by shifting the machine belt over the entire range of the cone before 
changing the countershaft speed; and second, by changing The counter 
Shalt speed after each ahift of the machine belt. The method used 
will have a very important effect on the design of the cone. The cone 
resulting from the former practice will be quite "flat," with veo* small 
difference in tbe diameter ol the steps, while the use of the second 
method will produce a cone which will have a steep IncHoe of diam- 
eters. Some favor one, some the other. The controlling point in 
favor of tbe first method is tbe appearance of tbe cone obtained. 

We will first design our drive with the conditions of tbe first method 
in view; that Is. we will arrange our counter-shad speeds so that tha 
full range of the cone is covered before changing the counier-shalt 
speed, thus obtaining the flat cone. Tabulating the speeds in respect 
to the way they are obtained, we have 





Open Belt. 


Sttull Kallo Back 


Large Rulio B»tk 




Counter, 


Slow 
Counter, 


C^ntlr, 


^Stow^ 


Fast 
CotiQier. 


Counter. 


Step 1 

Step2 .... 
Step 3 ..., 


223 

155 


129, 

lor, 

8Q,4 


74 4 
fi3 
SI 6 


43. 

3.^.8 
29.8 


24. 8S 
20 7 
17.25 


ri 




• 1 ^ 


3 


4 


5 


a 



i 



Prom the above table we may obtain the ratio of the two sets of 
back-gears, the countershaft speeds, and tbe speeds oft each step of 
the cone. 

The railo of the large ratio bach-gears is found by dividing one term 
•n column 2 by a corresponding term In column 6. Tbe ratio of the 

■all ratio grars is found by dividing a lerm In column 2 bv a corrc- 
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spending term in column 4. The ratio o( counler-sbaft speeds is 
obtaloeil by dividing a term iti column 5 by a correspond tug term in 
column 6; and Ibe ratio or speeds oti eacb step of tbe cone, by dividing 
the term corresponding to step 1 In any column by a terra correaponil- 
Ing to step 2 or 3. as desired, from tbe Game column. The results tor 
the preGent case are as followE: 

Ratio ol large ratio gears is 8.94 to I 

Ralio of small ratio gears Is 2.98 to 1 

Ratio of counler-shaf t speeds Is 1.725 to 1 

Ratio of speeds off step I to those off step 2 1.2 to 1 

Ratio or speeds off step 1 to those oR step 3 1.44 to 1 

Tbe matter of designing the cone seems to cauw rrouble (or a good 
many. It we are to judge by the results obtained, which are various in 
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any collection of machine tools, even In those of modern deGlgn. It 
<3 possible lo design a cone so as to obtain speeds In strict accordance 
Willi the geometrical series. In moat cases the counter-abaft cone and 
the one on ibe machine are made from the same pattern, so that it. 18 
necessary that the diameters be the same for both cones, and since 
the belt Is shifted from one step to another, its length must be kept 
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This \a accompItBhed br bavlDg th« t 
corresponding Biepa equal. 

We will take as the large diameter of the cone. Is Inches. The raUo 
of the speeds off step 1 and step 3 Is 1.44 to 1. This ratio also equals 
Z)XZf 

where D is the diameter of largest step and d la the diameter 

dXd 
of smallest step. Making them opposite terras In an equation we g«t. 



r 



1.44 > 



in- I 15 X 15 

A= I = - = 1S,5 

\ 1.44 \ 1.44 



.5 iach«E. diameter of small step. 

The Bum of the correspondlog diameters on the cones Is 15 + 12.5 3= 
-5. 

Since this Is a three-etep cone the middle steps mast be equal. Tbere- 
27,5 

fore r= 13,75 =; diameter of middle step. We found that the ratio 

2 
of the speeds ott first and second step Is 1.2. Let us examine the above 
figures to see that thediameter of the middle step is correct. Thus. 
15 13.75 

12.5 13.75 

which 1b the correct ratio. This cone Is shown tn fuU Hues Id Pig. 2. 

Let us now figure the diameter of the back'gears. We will assume 
that the smallest diameter possible tor the small gears In the set la 
5 Inches. In order to kesp the gears down as small as possible we will 
take ihls figure as the diameter of the small gear here. It is general 
practice, though obviously not compulsory, to make the two trains In 
a set of back gears equal as to ratio and diameters. When double 
back gears are ased, the large ratio set is made with two trains of 
similar ratio. The smalt ratio set Is then composed of two trains of 
gears whose ratios are unlike. The ratio of each train in the large 
ratic aet. if taken as similar, is equal to the square root of the whole 
ratio; thus, in our drive we have ^ys794 = 2,98, and from tbla the large 
gear Is 5 X 2.98 ^= H.9 Inches In diameter. The ratio of the smalt 
ratio set Is equal to 2,9S. and ae one train of gears In the double back 
gear arrangement is common to both sets, the remaining train In the 
smalt ratio set must be of equal diameters, or 5 + 14.9 -^ 2 = 9.9,'i 
Inches, as shown in Fig. 2. These figures will have to be slightly al- 
tered In order to adapt ihem to a standard pitch for the teeth, which 
part of the stibject we will not deal with here. 

In order to be able to compare the results of the two dltterent meth- 
ods of selecting countershaft speeds mentioned above, let us figure out 
the dimensions of a drive with countershaft speeds arranged according 
to the second method. 

^Proceeding In. a manner similar to that pursued for the ease treated 
^, we may tabulate the sneeds as shown In the table on next page. 



fHACHINE TOOL DRIVES 




cose. 


Open B«1I. 


Small Rallo 
Cesrsto. 


Lnrje Ratio 


Pist 


Speed. 


Fust 
Counter 
Sixed. 


Counier 
Sp«d. 


Past 1 Slovf 
Speed. 1 Speed. 


Blepl 

Steps 

Sl*p8. ... 


223 
155 
107 


186. 
139. 
80.4 


74.4 

51. e 

S5.8 


63. 
48. 

89.8 


24. W 

n 35 

J2. 


20. T 
14.4 

10, 




1 


2 


3 


4 


5 ti 



The various ratios are: 

Large ratio gears 8.94 to 1 

Smalt rallo gears 2.9S to 1 

Counter-sbaf t speedB 1.2 to 1 

Speeds off step 1 to those oft step S 1.44 to 1 

Speeds oH step 1 to those off step 3 2.07 to 1 

Tbe cone dlmensionB are Rgured la the Bame manner as before 
and are 10.4 Inches for step 1: 12.7 Cor step 2; 15 for step 3. This cone 
la ehown dotted in Fig. 2. 

We are now in a position to compare the results given by the two 
methods above referred to. Let us make Ibe first comparison from 
the point of view of power delivered by the belt. It is *cll-known 
Ihflt the power of a belt is direistly proportional lo tbe speed at which 
It runs. This fact gives us an easy means o( comparing our two de- 
signs. We will do this by charting the speed in feet per minute of the 
belt when running on the diffprent steps of Ihe two cones (or each 
Gpiodle speed. This has been done in Fig, 3. where Ihe full line? show 
the curve for the first method, and the dotted lines show that Cor the 
second method. The curves at the left are those for the slow counter 
Bpeeds, while at the right are seen those for the fast counter epeeds. 
Attention is called to the great difference in power delivered between 
the two counter epeeds In tb^ first case, while tbe two sets of curves 
tor the second method lie close together. Also, note the gain in power 
at speeds obtained through the slow counter Id tbe Second case. The 
power lost in the second case on Ihe fast counter speeds will not be 
felt BO much, for the same principle applies herp as it does to the 
atrenelh of beams. brldKcs, etc., viz.. a chain is no stronger than Its 
weakest link. 

The con si ant-speed pulley drive has become quite a common feature 
in machine tool design, and has become quite a atroag favorite with 
many. Had our machlae been provided with a drive of this design, 
we would have had a curve on the chart as shown by the vertical full 
line. The power delivered by the belt would have been constant 
throughout the full range of speed. This curve also applies lo the 
motor drive, when a con slant -speed motor, or a variable-speed motor of 
the field control type. Is used, although slight modiflcatloDs would 
have to be made for ihe decrease in efficiency at tbe extremes of the 
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speed range of ihn latter type motor, which would cause a elight bena 
in the curve, making !i conveK toward the right. Motors using the 
multiple- volt age system, or the obsolete armature resistance control, 
would show curves quite as Irregular as those from the cone and t>ack- 
gear drive. 

Another method of comparisou is by charting the pull or torque at 
the spindle for each spindle speed. Tbla is done in Fig. 4. where the 
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of itie second method. The only good point the firet method has over 
the second Is In the appearance of the cone which has. apparently, 
powerful hues/ which are. however, mieleading. as has been shown. 
Anotlier disadvantage of the first method la the wide ratio o( tne 






niDL 





illlllllSlll!ill!!il 


III 




' 1 1 












' U-L 












— f^ 












1 L 














j-X 














E^T 


C 1/K' 1 








? 




Ea» 


nm la ; Sp£*.J I^J. n^ 


puLipr 














ntet-sbU SiU 


lla 




S u 




hts. 














1 












-- 














'1 










1 


















± 














tV 




_| 










3^ 










s 




. 














^: 














^ 
















^^ 




















































1 













oounter-Ehatt speeds, where, In order to get sufficient power nut ot 
the slow speed countershaft belt, we must have the high-speed pullej- 
rnnnlng at almost prohibitive speed, which soon tells, and as loose 
pulleys are a source ot annoyance when their speed Is moderate, trouble 
Is sure to appear when the limit oC speed is approached. 
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Whethtr Ibe geared drive, so called In order lo distinguish U t 
the bell drive used wUh stepiied cone pulleys, originated with some ma- 
chJue tool builder who waa deairoua of imiirovlng a given machine, or 
whether It was first suggested by a machine tool user id an endEavor 
to secure better tacllitleB for machine operation, would he Interesting 
to know, hut difficult to determine. 

Whatever the origin, the geared drive ie a. response to a demand for 
a better method of speed variation than could be obtained from 
stepped pulleys and a movable belt. The gradually growing demand for 
more powerful machine drives in the past has led to the widening o( 
belts to the maximum point consistent with a desirable number of 
steps of the pulley, and the ease of belt shifting. The limiting point 
for belt width may be said to be reached when a belt can no longer 
be shifted easily by hand. For some machines, notably lathes, the 
maximum diameters of tlie driving pulleys are generally limited hy 
coadiilons inherent in the machine themselves. 

Back-geare were In many instances Increased in ratio to make up 
for what could not be had by further increase of belt widths or pulley 
diameters, until in some cases the gap between speeds obtained di- 
rectly hy the belt and those obtained through llie back gears became too 
great. When such conditions weie reached, obviously, Ibe next Bugges- 
tlon Involved the combination of a constant speed belt of such a width 
and operated at such a speed as to give the requisite power, (n con- 
nection with some combination of gears to be used For obtaining the 
desired variation In speeds. Such a combination is, in tact, a rever- 
sion of type: a going back to a system of driving formerly much used 
by foreign builders of machine tools. Many foreign builders ob- 
jected to the use of stepped pulleys, considering their use as a devia- 
tion from, or, as being contrary to, good mechanical practice, prefer- 
ring in many cases to secure speed variation by means of separate 
changeable gears. The objectlmable feature of such a system did not 
suit American Ideas, hence the early adoption of stepped pulleys and a 
movable belt as a means of quickly effecting changes even though the 
devico was and i^ still considered by some designers as anomalous or 
paradoxical from the standpoint ot pure mechanics. The substitution 
ot the variable speed geared drive for the stepped pulley drive Is there- 
fore not due to* any Iniiereni defect in the stepped pulley ao mucb 
us to Its llmllations as previously mentioned, and lo a desire for Im- 
liroved facilities for quickly obtaining speed variations. 

For belt-driven machines that require a variable speed, the eeue4. 
drive will probably come more Into use whenever lis adoptioi 
JUK(/fled from S productive or a commercial alflndnolnt. 
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deieclB may be existent In any of its varied fornis will be tolerated just 
as long as U meets and tulfltia required conditions. 

As a device of utility the geared drive has passed the point where It 
iiilghl by some have been considered as a fad. As a*raatter of fact, 
scarcely any new device representing a radical departure from gen- 
erally accepted design and practice has ever been brought out that 
was not considered a fad by some one. The history of machine tool 
progreBS has shown that the fad ot yotetday lias Iiequenily become 
the costom or necessity of today. Extreme conEervaliem will see a 
fad where progress views an undeveloped success. One drawbach to 
the general adoption of any geared drive is Its cost, and thia will deter- 
tnine to most cases whether it or a belt drive shall be used: it is a 
matter requiring careful Judgment to determine the point where the 
results obtained Justify the added expense. 

It Is. however, with very few exceptions, the opinion among builders 
and users of machine tools that the single pulley drive will largely su- 
persede tlie cone drive. Still forcertaincondltionslt is doubtful whether 
we will find anything belter than our old servant, the cone. The two prin- 
cipal advantages possessed by the single pulley drive are: First, a 
great increase In the power that can be delivered to the cutting tool 
owing to the high initial t>e1t speed. The belt speed always being con- 
stant, the power is practically the same when running on high or low 
speeds. The cone ticts Inversely In this respect; that la. as the diameter 
of the work increases, for a given cutting speed, the power deereaaeB. 
As a second advantage, the speed changes being made with levers, any 
ci>eed can be quickly obtained. 

To these might be added several other advantages. The tool can 
be belted direct from the Hneshaft; no counter-shaft Is required; 
floor space can be economized. It gives longer lite to the driving belt; 
cone belts are comparatively short-lived, especially when working to 
their full capacity. There are. however, some disadvantages to be 
eneounlered. Any device of this nature, where all the speed changes 
are obtained through gears, is bound to be more or less complicated. 
The flroi cost, as mentioned. Is greater. There is also more waste of 
power through friction losses. A geared drive requires more atten- 
tion, break-downs are liable to occur, and for some classes of work 
it cauDot fornish the smooth drive obtained with the cone. Most ot 
these objections, however, should be offset by the Increased production 
obtained. 

To the designer the problem presented is one of obtaining an Ideal 
variable speed device, something that mechanics have been seeking 
for years with but poor success, and it Is doublfwl whether we tfill 
get anything as good for this purpose as the variable speed motor In 
combination with doubt^ tdcilon back-gears hnU a friction head. 
There are. It la true, some very creditable all-gear drives on the mar- 
ket In which the problem has been attaciied in various ways. SlUl 
there Is ample room for something better. The Ideal single pulley 
drive should embody the foltowlng conditions. 

1. There should be sufficient speed changes to divide the total range 
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Into IncrementB of say between 10 and 15 per cent 

2. The entire range of Epecds should be obtained without etopping 
the machine. 

3. Any Bpeed desired sliould be obtained without making all the 
Intermediate changes between the present and desired speed. 

4. All the speeds should lie obtained within the tool Itaelf. and no 
auxiliary counter-shatt or speed varlatora should be used 

5. Only the gears through which the speed is actually being obtained 
Bbould be engaged at one time. 

6. The least possible number of shafts, gears and levers should be 
used. 

There are (ew subjecta In machine design which admit of so many 
combinations, arrangements and devices. In Figa, 5 to 10, inclusive, 
are shown some examples taken at random from a targe collection All 
of these, except Fig. 10. have the number of teeth and the speeds 
marked. Each has some good points, but none of them possesses all the 
points referred to above. The only reason for showiag them la to 
show what a vast number of designs can be devised. One of them, 
that shown Id Fig, 5. has been httllt. a number of machines have been 
running for over, a year, and Ihey give very good results. In Fig. 11 
la shown the way the Idea was worked out, as applied to a 20-lnch I>e 
Blond lathe. 

The design for the headstock sbown in Fig. 11 needs little explana- 
tion since the drawing shows (he parts quite clearly. The friction 
clutch on the driving-sba/t Z, which alternately engages pinions H and 
J, is of the familiar type used In the Le Blond double back-geared 
milling machine. Sliding collar D, operated by handle S, moves the 
double tapered key E either to the right or left as may be desired, rais- 
ing either wedge W or W, which In turn expand rings X or T within 
the reccBS in eitlier of the two cups, F and F'. Either of two rates of 
speed Is thus given to quill gear K and the two gears L and M keyed 
to It, On the spindle Is a trljile sliding gear which may be moved to 
engage P with if. O with L (as shown in the drawing) or .V with K, 
thus giving three changes of speed when fiperatid by lever T. The sin 
speeds obtained by the manipulation of levers 8 and T are doubled by 
throwing in the back-gears, giving 12 speeds In all. 

In comparing the merits of a series of gear drive arrangements 
like those shown in Figs. 5 to 10, one might apply the "point" system 
in determining the most suitable one. The number of points (hat are 
to he assigned lo a device for perfectly fulfilling any one «f the var- 
ious requireratnts would be a matter requiring nice discrimination. 
So the method outlined below is to he taken as being suggestive, rather 
than authoritative. The first requirement is that there shall be suf- 
flclent speed changes to divide the total range into Increments of be- 
tween 10 and 15 per cent. The six schemes proposed do not all, unfor- 
tunately tor our proposal, lake in the same range of speed; consider 
ins. however, that they were each to he designed to give from 9 to 2^0 
revolutions per minute lo the spindle, as in case Fig, 6. and that a 15 
oer cent Increment Is lo be aUowed. l.l\e number of changes required 
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1 be found In the uBual way by dividing the logarithm o[ 27 — 
total speed ratio required (240 -i- 9 = 27) — by the logarithm of 1.15. 
which 1h the ratio of the geometric . series desired. Thia gives 24 apeeda, 
about, as needed to meet the requirements. Suppose we aeslgn 15 
points to a machine having 24 speeds. Let ua set IhlB down In its 
proper place In the suggested table given below. For the second 
quall&catloo, that the machine shall not have to he stopped, we 
may assign 20 points to the idea! machine. The principle of "aelectlve" 
CODlrol Is assigned 10 points. The fourth consideration, requiring that 
all speeds shall he obtained within the tool itself Is a positive require- 
ment. If It is not met, the mechanism Is out of the contest, so this 
question need not be considered In our table of points. Fifteen points 
are sugeested for the requirement that the gears not In use shall not 
be running in mesh. The sixth requirement reads "The least possible 
number of shafts, gears and levers should be used." It is suggested 

ra« MBRiTS or thb tarioub DaiTBS 



Perfect Ho. 1 No. i Ha. 3 Ko. 4 No. S N 



No. of changes required com- 
pared witi) No. obtained. , 

Stopping of m^hine 

"Selective" control 

Gears not in use. must not 
be in mesh . . . j 

Satio of No. of chaTigea to 
No. of movements 

Ratio of No. of changes to 
No. of gears 

Total 



that this be divided, giving 20 points to the question of the ratio of the 
number of changes obtained lo the number of movements required c 
the operator to obtain them, and giving the same number of points 
to express the ratio of the number of changes obtained to the number 
of gears used In obtaining them. The sum of these points added to- 
gel!ii>r Is 100, which may be considered as representing the Idea] 
sign. 

In filling out the table, since Fig.- 5 has only 12 speeds or half 
the number requlrrd. we will give It only one-half the number 
points, dealing similarly with the other designs up to No, 6, In Fig. 10. 
which Is perfect in this respect. The machine has to be slopped I 
throw in back-gears. Assuming that this would not have to he done in 
70 per cent of the changes, we get a uniform value of 14 tor this consid- 
eration for all the cases. The feature of selective control la onlv about 
twO'thirds realized in any of these designs, since the triple sliding gear 
nsed In all of them. In moving from one extreme to the other, passes 
tbrougb sn Intermediate position which Is not required at the time. 
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We may therefore aaslgn tbe value 7 to each of these designs on this 
account As to the question whether the gears aot In use are running 
Idly In mesh, all the designs are nearly perfect. The values set down 
in this table are suggested by this consEderatloo. In considering the 
number ot movements required to effect tbe number of changes ob- 
tained, the throwing In of the back-gear Is credited with four motions, 
the stopping of the machine, unlocking ot the spindle from the gear. 
the throwing In of the back-gears, and the starting of the machine. 
The 20 points of the Ideal machine are then multiplied by each of the 
ratios obtained by dividing the number of changes by the number ot 
movements, and the number of points found are set down aa showo- 
For the last Item, twice as many changes as there are gears employed 
Is taken as a maximum which can probably not bi exceeded. With this 
as 3 standard, the ratio obtained by dividing the cumber of changes 
by tbe number of gears used Is employed to calculate the number ot 
points, ^ddlng the number ot points obtained in each column we And 
that No. 1 has %7. No. 2. 3, and i each have Sfi, while No. 5 has 74, and 
No, 6, 81. 

Tbe comparison has been undertaken in this way with tbe under- 
standing that all tbe arrangements are susceptible of being embodied 
in a practicable design. That arrangement No. 6 fs practicable Is 
strongly to be doubted. The number ot teeth In tbe various gears 
used are not given, and it Is tar from probable that one could obtain 
with this arrangement a series of speeds In geometrical progression 
by moving in regular order the three levers required. Noa, 4 and 5. 
while otherwise well arranged, are open to the objection that sHdiog 
gears rotating at high rates ot speed are used. This, it valid, consti- 
tuted a disqualifying objection similar to that mentioned In relation 
to the fourth requirement. The Crst three cases In which a friction 
clutch Instead ot sliding gears is used on the driving shaft are there- 
fore much to be preferred for this reason. Of these first three cases, 
our tabulation shows that case No. 1 has a slight advantage, and Fig. 
11, In which this arrangement has been applied to a 20-Inch lathe 
beadstock, shows that the scheme Is a simple and satisfactory oim 
far. at least, as one can Judge from a drawing. 
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What has been considered 1q the nasi as marvelous in the perform- 
ance of highduty catling tools may now be compared with the proved 
results of air-hardening cutting tools. The metallurgist liaa proved 
to us. aod a great many machine tool builders have aatlEfled themaeivES 
by ijractlcal experlmeni, that the high-speed cultlng steels are at our 
service, but they must be properly shod if they are to be used to the 
best advantage. Some concerns who have experimented wi(h the high- 
speed steels, and who anticipated much, have failed through lack ot 
a proper analysla of the conditions which accompany the use of the 
high-speed cutting steels. It takes but a moment's reflection to con. 
viDce one of the absurdity of trying to get as effective a fire from a alx- 
iBch as from a thlrteen-inch gun, even though the same explosive 
charge Is used In both. 

Some viewed this unusual commotion about the high-speed cutting 
steels as beiUE somewhat fanatical or a fad which would rage for a 
time, and then die a natural death, as many others have done. True, 
this was not the first high-duty cutting steel which had been advanced 
with enormouB claima ot efficiency. Mustaet steel had been on Ihe mar- 
ket (or several years, and the great things predicted Cor it did not 
fully meet everybody's expectations. The chief reason for this was 
its far loo limited use in a great many cases, on account of Its being 
expensive, dlfflcutt to forge, grind, and to get a satisfactorily Qnlshed 
surface with It, and the failure of Ihe machine to stand up to the 
cbtp It could take. Then again, when Mushet steel was introduced, 
compelltlon among machine tool builders for increased product from 
their machines did not begin to compare with that which now exists 
with Anns which more than ever are on an Intensely manufacturiag 
basis. Manufacturing plants ot any considerable size using metal cut- 
ting tools are bidding nowadays for special machinery of the aimpiest 
form to augment the output of a single product, and not comparatively 
complicated combination tools, deaiened for many operallons on many 
pieces, and which save considerable room and first cost of Installation, 
but are of necessity Inconvenient, and unsuitable for high-duty ser* 
vice. 

The complaint which haB been made by some that the new higQ- 
speed cutting steels are unfit for flnisblng surfaces cannot be consist- 
ently sustained. The mode rnly-d feigned manufacturing grinder has 
unquestionably proved to be the proper tool for Rnlshing surfaces 
from the rough; and undoubtedly, and beyond peradventure, the 
grinder is the natural running mate for the hlgb-duty turning lathe 
and planer; and It seems probable that, Instead of the grinder being 
a rarity and a luxury In shops, as a sort of tool-room machine, it 
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win be us much Jn evidence tot man utactu ring purposeB as the more 
Gommonly-tmown machine tools ot the present, or more bo. 

The innovations of the dny in machine tool evolution are In most 
remarkaMe harmony and synclironlsiii. The electric motor, vhlch is fast 
developing the independent machine drive, demands a high speed for 
maximum efficiency of the motor; and what do we Bnd contemporane- 
ously developed but the high-speed cutting steels, the practicable com- 
mercial grinder, and the comparatively high-speed non-stroke milling 
machine to supersede the comparatively slow mult)*stroke planer? 
Un question ably, there never has been In the whole history of the 
machine tool business such an opportunity for the enterprising cap- 
llallat, the engineer, and the designer, to Invest their money, brains and 
skill in a type of machine tools that will be aa different from the prea- 
ent type of machine tools as the nineteentth century latbe is from the 
simple and crude Eg^'pt1an lathe of tradition. 

The development of the cutting or producing end of Ibe machine 
appears <o be further advanced than the driving end. The dlr«ct 
motor drive without Interconnecting belts, chains, and gears Is un- 
doubtedly the simplest, most convenient, and most effective. The motor 
which Is most desired has not been designed, but it should be a com- 
paratively slow-speed motor having high efflclency, whose speeds vary 
by Infinitesimal steps between Its minimum and maximum limits. 
fully as Elmple as the "commutator! ess" type, and with far higher 
pressures than are now used. In the njeantime, during the process 
Of development, we shall have to be content with the usual compound- 
ing elements between the motor and the driving spindle; but these 
compounding elements, in order to keep up with the procession, will 
naturally undergo revolutionary changes in design. 

The silent chain drive and the high-speed motor are mutual help- 
mates; geared variable speed devices and single-speed induction motors 
are well wedded, but cone pulleys are practically Just beginning to 
receive that examination and attention which can fit them for the ser- 
vice ot higher speeds. 
_ln the case of a turning lathe, as would natm-ally be expected, we 
are very much limited la the range ot the sizes of pieces that can be 
turned — if we maintain an efficient range of speeds and suSclent diam- 
eters and widths ot pulleys lor surface speeds of belta — unless we use 
an abnormally ponderous cone pulley, which is entirely out of the 
question. To make this point clear, it may he well to analyze a spe- 
clfic case. We will assume that the lathe is designed with a four- 
stepped cone and with "front-gears" (the speed ratios ot front-gears are 
figured the same as hack-gears, but their thrust at the front box is 
opposite In direction to that of the bock-gears and to the lifting effect 
of the tool, as It properly should be), two countershaft speeds, and 
for cutting 30-polnt carbon steel at a speed of 100 ffct per minute with 
a chip of 5/ie by 3/32 inch cross section. It is furthermore assunied 
that the work and cutting tool are rigidly supported, and that the cut- 
ting tool has the proper amount of rake for least resistance j 
endurance. 
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Calculation of CuttlDg Force of Tool, sod Speed of Belt 
In order to malie absolute computaiione o( tbe required diameters, 
'^'e should have reliable data on tbe amount of cutting force at the 
Outtlng edge of the lool when cutting the various metals at high 
speeds, reliable data for the best efficiency of the redesigned machine, 
a.nd the approximate distance between the centers of the driving spin- 
dle and counter-ahaft. Several experiments were made by Hartlg, and 
subsequent)}' by others, on the horse-power required at the cuttlag edge 
of a tool when cutting various metals at slow speeds with tbe ordinary 
temi}ered steels. The horse-power was determined by multiptylag the 
weight of chips turned oR per hour by a constant whose value varied 
^vlth the degree of hardness of the metal cut and the conditlona of 
the cutting edge of the tool. The average of the several constants for 
about 30-polnt carbon steel seems to be about 0.035. 
Hartlg's expreeeion Is given In tbe formula 

H. P. = cW = 0.035 XwXDXnXaxtX 0.28 X 60 O) 
and the usual expression for horse power Is given In tbe form, 
F8 FXwX DXn 

a.p =- 



33000 X 12 

t the cutting edge of tool. 

I turned off per hour. 



(10) 
33000 
Id which 

ff. P. = horse power absorbed a 
c=cotistant 0.035. 
W^wfilght of chips per hour. 
Z) = mean diameter of the a 
n ^ revolutions per minute. 
d^depth of chip. 
t^tblcbness of chip. 
0.28 = aB8umed aversRe weight per cubic Inch of 3o-polnt carbon 

F= force at cutting edge of tool. 
fi = dlstance through which force F acts. 
Equaling (9) and (10), 

f = 0.035 X 0.28 X 60 X 33000 X 12 X d X ( = 232850 dl. 
Since the chip assumed to be cat la 5/16 by 3/32 Inch cross sectlou, 
then the force at the cutting tool Is 

P=232850 X B/ie X 3/32 inch = 6820 pounds. 
If the cutting speed Is 100 feet per minute then the work at the tool 

W = 6820 X 100 = 682000 foot-pounds. 
If the efficiency of the machine Is assumed at 85 per cent, then (be 
effective work of tbe belt must be 

6SZ00O X 100 

W = = 802500 foot-pounds. 

86 
We will assume that a 6-lncb double belt Is the practical limit for the 
belt which can be conveniently used on tbe machine, and that tbe ef- 
fective pull Is 70 pounds per Inch width when wrapped around a cast- 
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Iron pulley wiih a conUct surface ot 180 degrees. The total effective 
pull I3 then 

5 X 70=350 poundB. 
Since our belt m(jBt deliver 802500 foot-poands per mlnule, Its velocliy 
wiU be 

S025O0 
V=: = 2295 feet per minute, apjiroximately. 

which must be pi-oportional to the diameters of the cone pulleya and 
the counler-obatt speeds, which are obtained as follows. 

It Is customary to consider speeds In a series of geometrical pro- 
gression If Ihe most eCBcient and convenient range ot speeds la desired. 
The constant muliipller will then be 



o- 



' in which 






r ^constant muliipller. 

I = maximum R, P. M. Of spindle. 

a = minimum R. P. M. ot spindle. 

H, ^ number of speeds. 
Let U be assumed that the lathe Is designed to turn sizes from I (o G 
Inches. The corresponding maximum and minimum revolullona per 
minute for the cutting speed 100 feet par mtnute are 382 and 62, ai>- 
proxlmately. Then from (11) 



GY 



logr=: — log 8.16 

15 

r = 1.128 

Tbe whole series ot speeds In geometrical progression and the dlunr 
eters ot stock, which will approximately correspond. If a cutting speed 
ot 100 feet per minute be used. Is given In the following table: 
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In Fig, 13, assume that the counter-shaft and Bpindle cone pnlhQW 
are the same size, as Is. usually the case tor the engine lathe. Let 
D,^dlameter of largest step. 
D, = diameter of smallest step. 
n'=islowest speed of countersbafr. 
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V,= fastest Bpecd of spindle to correspond with slowest counter- 
shaft speed. 

A', = slowest speed of spindle without back-geara to correspond, 
with slowest countershaft bnecd. 



Let .= r 



(12) 



(13) 
(U) 
(IB) 




Combining (14) and (16), 

Substituting in (16) the proper speeds taken from the table, 

n'=^145 X 101 = 121 
From (H) 

N, 145 

r = = =1.199 



SubBtltutlns In (17) the value of V ami n\ 
2395 X12 
D. = = 72i,i hiKhPS. 



Substituting In (18) the value of r and Z>, 

D, = 1.199 XT2>i = S7 Inches. 
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The front gear ratio from spindle cone speed to driving spindle speed 

145 

will be = 1.629. 

89 

Since the values of the constants used in computing the force at the 
cutting tool were taken from exp^iments made with, slow cutting 
speeds, and would be considered low in view of the fact, noted by some, 
that the work at the tool for high speeds increases in far greater pro- 
portion than the increased cutting speeds; and since the assumed 70 
pounds per inch width for effective pull at the belt is quite liberal, .It 
is clear that the pulleys are practically at a minimum size under the 
conditions assumed. It is therefore convincingly apparent that for 
the ordinary back-geared head, belts can be of no avail for high-speed 
cutting except for extremely limited ranges of diameters of stock. 

If the diameters of the pulleys are reduced by speeding up the belt^ 
and gearing down the spindle, nothing is availed in most cases. but an 
added and useless expense, since every compounding element Is a loan 
for a mortgage whose interest rates sometimes increase pretty nearly 
in a geometrical progression. 
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The subject treated in this number of Machinery's Reference Series 
is one on which a considerable amount of information has been pub- 
lished by various writers in Machinebt. The fundamental formulas 
on which the discussion is based, however, are the same, and it is, 
therefore, evident that the several authors to some extent deal wMth 
the subject in a similar manner. In the following chapters, the treat- 
ment of each writer has, however, been given in full, irrespective of 
the fact that, due to this, some formulas, and statements are repeated. 




Under the general heading ot Hydraulic Cylinders may be claasiQed 
all such cylindrical sheila in whicb a uniformly distributed pressure trom 
within acts directly against the inner circular walls at the shell. The 
traDBmitting medium ol the pressare ifl considered as a perfect fluid, 
Rnd the pressure ia equal in all directions. The pressure la pro- 
duced by Uie compreaslon ot the fluid against the ends and walls ol 
the cylinder. The compression or the fluid forces its particles in a 
cloaer molecular contact, and as a natural sequence, a reduction lit 
volume laliea place. If the transmitting medium is water, however, 
the reduction of its volume under pressure is so small that it fa 
not necessary to tahe Into account the reduction in volume of this 
medium when compressed in hydraulic cylinders. The Intensity ot 
the Btresa on the ends and cylindrical walls of the hydraulic cylinder 
Is, as a rule, slated In number of pounds preBsure per square Inch. 

When calculating the strength of cast iron cylinders, having thlch 
walls, two Important points should be talien in consideration. The 
Qrst one Is the Irregularity and taclc of uniformity In the cooling oft 
of thick cast iron cylinders when cast. This mal^ea the texture of 
the material in the cylinders uneven, and makes them comparatively 
weaker than cylinders having thinner walls. Iron for thick cylinders 
should be of the best grade, and should be remelted three to four 
limes to Insure a tensile strength ot about from 25,000 to 30,00Q 
pounds per square Inch. Irregularities arising from air bubbles, sand 
holes, and Imperfect ramming of the sand in the mold, is another 
BeriouB objection. To avoid these difficulties as much as possible, no 
cylinder for hydraulic work of any kind should be cast horizontally, 
but vertically. The second question to be considered Is that beyond 
certain ItmlCa any increase in the thickness of the cylluder walls does 
not iDcrease the strength of the cylinder, because at a certain point 
the stress will stretch the Inner layers of the cylinder beyond the 
elastic limit, and any strain in excess of the pressure necessary to 
produce this result, will be followed by a molecular separation of 
the material, and a subsequent bursting ot the cylinder. For extra- 
ordinarily high pressures, additional strength may be given to the 
cylloder by forcing annular rings of a stronger material on the out- 
side In such a manner that these compress the inner wells of the 
cylinder when in a neutral condition. These rings may either he 
heated and shrunk In place, or may lie forced on by hydraulic presaure. 
3 why these annular rings will strengthen the cylinder to a 
grent extent !s that the stress within the cyU(\deT \\ft» R^at W wet- 
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come the compressloo caused in the cylinder by the rings, before there 
will be any tenalonal stressee In the walls of the cylinder. 

In hydrauHc calculations the tensile strength- oC cast Iron may be 
taken at IS.OOO pounds per square inch, and that of steel at 70,000 
pounds. It seema unnecessary to stale that the word diameter always. 
when considering hydraulic cylinders, means inside diameter. If not 
otherwise specified. The lowest factor of safety, generally. In hydrau- 
lic calculations Is 4, and a higher factor of safety, say from 6 upwards, 



I 



In regard to the steel used for hydraulic cylinders. It may be said 
that for thin shells only open-hearth basic steel drawn tubes should 
be used, because thin steel castings are not reliable. It has been 
stated at times that good charcoal iron welded tubes are equal, It 
not superior, to steel tubes. There Is nothing, however, more erro- 
neous than such an opinion, because a charcoal Iron tube, no matter 
bow well made, will not stand the severe test to which open-hearth 
steel tubes may be subjected. The material of steel tubes la per- 
tecily homogeneous, and the product Is as a rule perfectly uniform. 

In formulas for determining the thickness of the walls neceBsary 
in hydraulic cylinders, many authortfles Include certain elements 
which are intended to provide for the consequences of welding, cast- 
ing, cooling and abnormal strains, etc. This, however. Is a form of 
formula which Is not the most advisable to use. It Is always best to 
use a formula given in its simplest form, clearly slating all the ele- 
ments used In the derivation, and then for the designer to determine 
the factor of safety required, based on his experience with different 
materials and constructions. 

The simplest rule that can be written (or ascertaining the thickness 
of the walls of pipes, tubes and ihin hollow cylinders to resist Internal 
pressure, is the following: 



PR 



fl) 



lu this formula, 

( = thickness of material in the walls of the tube. 

B= Internal radius of the tube. 

P:= internal pressure In pounds per square Inch, 

S=^ tensile strain in pounds per square Inch to which the material Is 

subjected by the pressure F. 

This form of rule has the sanction of Bernoulli, UnwtD, Hanklne. 

Clandel, Welsbach, and Clarke, and with modifications for special uses 

by Reuleaux, Brix. Barlow, Lani6, Grashot, Trautwlne. and Clarke, but 

as tlie rule of each leads to so nearly the same result, (or Eeoeral 

Purposes, what is given above may be accepted as the foundation rule 

^hich must not be departed from in any case, to which, however, cer- 

tain elements may be added In ordir to cover particular cases, a few 

of which will be named. 

This formula Is used for ascertaining the Ihicltness of boiler shell*. 
T restsUne Internal pTesB\ire. by all (he boiler Inspeclion companies. 
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it Into It U inserted tbe factor of safety and tlie comparative Htreogth 
ol the riveted Jointe to the solid plates, vhlch.are oC course limiting 
elements. 

The formula (or tbe thickness or the shell Is: 
PRF 



S(AorB) 

In which 
r^the lactor of eaCety, usually taken as 5. 
J = the strength of tbe punched plates, 

B = the strength of the driven rivets: the least ot these to be talcen, 
because the sate strength oC any structure cannot be above the 
strength of Its weakest part. 

It should be noticed that the element 8 may be Inserted In formula 
(1) as the ultimate tensile strength of tbe material, when we wish to 
find out the pressure P that will burst tbe tube, or S may represent 
1/4, 1/5, or 1/10 of the ultimate strength, in place ot F. according to 
the degree of safety required. For weldless tubes the elements A and 
B mtist be omitted. 

A rather extraordinary case o( rupture ot a thick hydraulic cylinder 
maj be mentioned, as it will prove instructive. The cylinder walls 
irere 8 Inches thick, the ram was 15 Inches diameter, the Internal 
diameter ot the cylinder was 16 Inches, and the pressure about 6,000 
pounds per square Inch. Bf transposing gur formula to Qnd B, we have; 
PR 6,000X8 
~ t S 

ihat la. the tensUe strain to which tbe metal In the cylinder was sub- 
jected was 6,000 pounds per square Inch, which proved suffloleot to 
pompletely rupture this cylinder: It went to pieces with a loud report. 
This casting was made of the strongest iron, it was melted In an air 
Furnace, such as used tor rolling-mill rolls, and was most carefully 
made In every particular. This cylinder was replaced by a new one 
of same dlmeuBlons, but ot softer quality, having less tensile strength, 
but more elasticity. 

In this case it may be assumed that the material must bave suffered 
from the effects of internal strains, tbe result of unequal cooling. It 
is veil linown that the metal at the center of a mass ot cast Iron Is 
weaker than the metal lyiag near Its surface. With S inches of thick- 
ness, and metal of bard, "tight" quality, there Is ample room tor the 
'inequal strains. But it must, in particular, be remembered that the 
formulas tor thin cylinders do not hold good tor cylinders with heavy 
walls, and subjected to high pressure, as we shall see In the complete 
treatment of thick hollow cylinders given in the next chapter. We 
shall in the following chapters also meet with the treatment of both 
the practical and analytical questions Involved, as presented by various 
Vrllere In past Issues of Machinebt. 
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CHAPTER n 



FORMULAS FOR STRENGTH OP THICK. HOLLC^ 
CYLINDERS 

Rules for thlck<n*alled hollow cylinders tor sustaining Internal press- 
ure are uiacy and various. For thin cylinders, tbe rules given by all 
authorities are the same in every particular, because they regard the 
malerlats of the cylinders as having uniform texture, and every part 
of the Bame as iKlng under equal tension, which means that the net 
areas of their sections may be taken as the measure of their strenglli. 
This measure will not apply lo thici; cylinders, as will appear later on, 
and [or which some reasons will be given, experience proving that 
increased thickness does not add proportional Increased strength. 

.The rules which provide for this anomalous condition of (he ma- 
terial, due to its position, are based upon the general formula for the 
strength of hollow cylinders, required additional thickness being given. 
but the rules formulated are found to vary greatly by the dictum of 
different authorities. Some rules show great Ingenuity of method. 
'For some it is difficult to see how algebraic expression, merely, can 
Slve strength, which resides only in (he material, and strictly coDsld- 
ered, tests can apply only to the samples of material used. There Is 
one rule applicable lo all cases, and for imperfect material there Is 
no rule at all. In what follows will be found the work and results 
of many well-known writers. These are recorded for easy comparison. 
and worked-ont examples given. Many rules are only half truths, and 
therefore, do not apply, and many lead to no tangible results tn the 
line of our Inquiry; they are, therefore, "better missed than found." 
Our work here Is chiefly to deal with such practical questions of the 
matter as are necessary to consider, and also to furnish the data of 
actual performance, which point out the shortest road lo successful 
application. 

First, let us consider the cross-section of a thick, hollow cylinder. 
which we will suppose Is divided into concentric rings, fitting closely 
together, each and all of these rings having a certain and equal 
smount of elasticity per unit of length or circumference. Then, sup- 
posing a certain uniform pressure to be exerted all around the Interior 
boundary of tbe Inner ring, It will readily appear that each successive 
circular ring — counting from the inner one to the outer one — offers 
less and less resistance to the internal straining force. This Is mani- 
fest, for a resistance which any solid body offers to the force by which 
it Is strained Is proportional to the extension which It undergoes, 
divided by Its length. 

Under this condition of things the inner rings will be subjected to 

•ains be.vond their elastic limit, before the outer rings take their 
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sbare of the pressure: in coDsequence or tots, ibe inner riogE may 
Buffer rupture before the outer rings come to a full bearing, since tlielr 
capability of extension, because ot Ihelr greater lengtH, U much 
sreater than ihe Inner rings. In other words, the elastic limit o( the 
outer rtngB is not reached uuiil arier the Inner rings have (ailed, 
vbence. Id an Instaiit. all Tail, and a eudden burst Is the result The 
expUnallon exhibits but ihe elements of this complex problem, for the 
study of the effect ot iDtprna] yressure upon thlck-walled, hollow cylin- 
ders. Is not a simple maiter. 

Let us now make and present a Judicious selection of published 
lules, with fonnulaB, and remarks thereon. 

In Gregory's Malhc'malica for Fractical Men. Royal Military Acad- 
emy, Woolwich. 1825, and In reprint of same, 1833, page 289, Is quoted 
Mr Barlaw's rule- 



in which f^z:: thickness Lji Inches, 

p^hydraulic pressure in pounds per square inch. 

r:=lnterDai radius, and 

S^cobesive Blrength of the material in pounds per square 

He then gives two worked-out examples by way ot explanation, thua. 
"Let It be desired to find the thickness of metal In each of two cylin- 
ders having I2-lDcb bore, to Just sustain an Internal pressure ot 1!^ 
Ions per circular inch for one of Ihcm. and 3 tons per circular inch 
tor 'the other, the ultimate cohesion ot cast iron bein^ 18,000 pounds 
per square inch. 

"Now. lt.j tons per circular Inch = *.278 pounds per square Inch, and 
3 (one per circular inch ^ 8,556 pounds per square inch, the ton being 
i.UO pounds. Whence by the rule we have, 
4,278 X e 

1 1,37 Inch; 



18.01 



4,278 



8.556 X 



= 5.44 Inches. 



18.000 - 

"Whereas, on the usual principle of computation (using the rule for 
Ihto cyl In dot's ) . the latter thickness would be exactly double the for- 
mer: extensive experiments are necessary to tell which method 
deserves the preference." 

Turubull. in 1831. quotes Barlow's rule from Gregory. To obtain a 
result, let us introduce the figures ot an actual case, say. 8 Inches 
radius ot Interior. 6,000 pounils per square inch hydraulic pressure, 
and 18,000 pounds per square Inch ultimate tensile strength ot the cast 
Iron used'tor the cylinder; then. Inserting these figures tn this formula, 
we will have 

6,000 X 8 

t ^ :^4 Inches!, 

13.000 — 6,000 
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Reterriog again to Mr. Barlow's original paper on "The reslatu 
power of tlie cylinder and rules tor computing tlie ihlckneBs of metal 
[or pressea of various powers and dimenBlonB," published In Trantac- 
tion» of the Inttitution of Civil Engineers, Vol. I. London, 1S36, and 
passing over hla "Investigation of the nature of the resistance opposed 
by any given thickness of metal in the cylinder or ring," we give his 
conclusion and application In bis own words and formula: 

"'Let r be the radius of the proposed cylinder; p the pressure per 
square Inch on the fluid; and x the required thickness; let. also, c 
represent the cohesive strength ot a square Inch of the metal. Then, 
the whole strain due to the interior pressure will be eipreeeed by p *, 
and that the greatest resiatance to. which the cylinder can be safely 
opposed Is, 



hence when the strain and resistance are in equillbrlnm. we Ghall have. 
rp = X c. or pr + p* = c*. 



Whence x = 



= the thickness sought. 



"Hence, the following rule in words, for computing the thlckneae of 
metal In all case?, viz., multiplj^ the pressure per square inch by the 
radius of the cylinder, and divide the product by the difference between 
the cohesive strength ot a square Inch ot the metal and the pressure 
per square inch, and the quotient will be tbe thickness required." 

Applying this rule to our case, we will have: 
fi,000 X 8 48,000 

x'= = ^4 Inches. 

18.000 — e.OOO 12,000 

Mr. Barlow eaya: "We may, without sensible error, call the cohesive 
power of cast iron 18,000 pounds per square Inch. It will.. of course, 
be understood that the thickness found by this rule Is the least that 
will bear the required presaure, and that, in common practice, presses 
ought not to be warranted to bear above c-ne-third the pressure given, 
unless It should appear that the estimated cohesive power ot cast Iron 
is too little; if this actually exceeds 18,000 pounds, a corresponding 
reduction may be made in tbe computed thickness." 

In the l>eglnnlng ot his article, Mr. Barlow aays: '■! am not aware 
that any of our writers on mechanics have Investigated the nature and 
amount of the circumferential strain which is exerted in a hydraulic 
cylinder by a given pressure oo the fluid within." So we have in this 
article, presumably, the Orst InTestlgation and rule upon this subject 
Mr. Barlow further says: "It would appear at flrst sight, that, having 
found the strain (at the two sides imposed by the pressure of the fluid 
within), It would only be necessary to ascertain the thickness of metal 
necessarjr to resist this strain when applied directly to Its length; this. 
bowerer. Is by no meaoB the case, for It we Imagine, as we must do. 
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Uist Uie Iron, In consequence oF the Internal pressure, suffers a cerlala 
degree of eilenslon. we shall find that the external clrcuinfereuee par- 
ticipates much less In this extension than the iaierior. and. as the 
resislance is proportional to the extension divided by the length, It 
taltons that the external circumrerenee aod every successive layer, 
from the Interior to the exterior surface, otters a lees and less resist- 
ance 10 the interior strain." 

The above statements prove that Mr. Barlow recognized the exist- 
ence of variable strains upon the mass of the cylinder's walla during 
pressure, and states clearly that tliL'y decrease from the Inner to the 
outer surface. Mr. Barlow slates distinctly the imporlance of kno^ving, 
deBnltely, the cohesive strenfiih of The metal, and that whatever It is, 
It mu^t EO take Its place in the formula. He does not slate, however, 
nor caution the maker of press cylliiderB against the danger of the 
weakening eflect due to the unequal shrinkage in the walls of the 
cylinder, while the same are cooling after being cast. That such action 
does take place Is a matter of common observation, and yet there 
Kcms to be great difference of result, as proven by test, about this 
phenomenon of cooling. We may quote such high authority as Mr. 
Hodgklnson. who says; "Comparing the tensile strength of bars of 
cast Iron 1, 2, and 3 inches square. I found that the relative strengihs 
Were approximately as lOO. 80, and 77." Capt. James gives 100. 66, 
and 60 for similar bars, and that %-inch square bars, cut from 2- and 
3-fach bars, pos^iessed only half the strength of l-lnch square cast bars, 
Tbe cause of this Is attributed to Ihe grenler strength of the "skin" 
portions of the castings, and to the more spongy and therefore weaker 
lemure of the Interior, which Incieasea with the thickness, 

\ oppOGllion to these statemptiis we may add, here, that lest pieces 
have been taken from the walls of certain 5'iDCh thick cylinders of 
.American cast Iron which exhibited In every part an equality of tensile 
Birength, thus showing the uniformity of texture throughout the mass, 
kiot only by observation, but by experiment. It may also be added that 
the teiture of the material In the 8-lneh cylinder walls — mentioned in 
the previous chapter — which failed, was. to all appearances, sound and 
solid, through and through, at the ruptured sections. Another feature 
of cast iron must be observed; there Is llltle or no Indication of an 
ascertainable and measuratile elastic limit. Ordinance Holes aay: 
"Cast Iron rarely shows a well deHned limit of elasticity. The elastic 
limit to extension Is 15.000 pounds per square inch." 

We know too well by experience, and we therefore quote the words 
of Mr. H. T. Bovey, In his work on the "Strength of Materials." 1B93. 
that "cast Iron Is, perhaps tbe mo.st doubtful of all materials, and 
therefore tbe greatest care should be observed In Its employment It 
possesses little tenacity, or elasticity; is very hard and brittle, and 
may fail suddenly under shock, or under an extreme variation of 
temperature. Unequal cooling may pre-dlspose the metal to rupture.. 
and its strength may be still further diminished by the presence of 
air-holes. Cast iron and similar materials receive a sensible set. even 
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' under a small load, and the set Increaees with the load." 
tainly knttw that all experience proves the need of Intelligence and 
care In the proportioning and mahfng of cast Iron hydraulic press 
cylinders. 

As to the choice of material, not Including the steels, Rankine gives 
the ultimate tensile slreEs ol cast iron 13,400 to 29,000 pounds per 
square Inch, which assures undoubted evidence ot the posBlbtlltlea of 
this metal. High tensile strength, however, must not be the ruling 
element In the choice of metal for such castluga as are liable to be 
affected by shrinkage strains. The case In practice to-whlch reference 
is made, Is one that came under the cure and construction of the 
writer in the year 1874, Several presses were ordered to have 15'lncb 
diameter ot rams, with cylinders to sustain 6,000 pounds hydraulic 
pressure per square Inch. The Interior diameter for ram clearance 
was made 16 Inches, and the walls were 8 inches thick, i.e., aame as 
the Internal radius. The first one was cast frotn an air furnace of 
hard, close texture cast iron, such as rolling-mill rolls are made of; 
this one burst at the first trial. Another was ordered, of same dlmen- 
Blons, to take its place, but to be made of soft and tough Iron. This 
? stood the test, is In use to-day, and Is frequently put under a 
I hydraulic pressure Of 4 tons, or 8,000 pounds, per synare Inch. 

Referring now to some of the published rules, the following aotatltra 
I is made uniform for the first five formula?: 

Let pEslnternal pressure In pounds per square Inch, 

S = tenBile stress in pounds per square inch to which tb^ 

terial Is subjected by the pressure P. 
D = inlernal diameter of the cylinder in Inches, 
t = thlckness of metal In inches, 

e=:base of Napierian system ot logarlihmB = 2.T1828. 
The ultimate tensile strength of east iron is taken at 18,000 pouDdl 
per square inch; tbe Internal hydraulic pressure at 6,000 pounds per 
square inch, and the internal diameter 16 Inches. The worked'Ont 
result Is given with each formula. 

Bernoulli. Unwln. Rankine, Claudel, Welshach, Van Buren, Haewell, 
I Lanza, and Clark, give this first formula tor ascertaining the thlcknesa 
lin cylinders, without Joint: 

DP Pi- 

[ = or ( — — ^ = 2 2/3 inches, 

2 S S 

hlch r=radiuB, or half of D. 
■uleaux gives for thick cylinders: 



notatltra 

I 

potmitt 



Trautwine repeats the same, but adds : 
will assume to be 3, thus: 



ne, but adds 
D Pk I Pk\ 

a s \ as/ 



'A.\ inches. 

factor of eafety k, whld 



Omitting It, we will get 
Brlx and Clark give 
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3.1 same as b^ Reuleaux's rule. 



( =— le' — ll = 3.l6iDchea. 



t the natural logarithm 



D r ( 8 S + 2 /-T 

~3 L \3S — 4pJ' 



3.84 inches. 



(5) 



Prof. Merriman'a formula for the thickness of thin cylinders to 
reEiet InternBl pressure, may be derived from his general formula, 
thus: 

PD~2IS. in which, 
P^presBure per Gquare inch of the liquid within the cylinder In 

pounds. 
D = Internal dinmeler of the cylinder In Inches. 
t=^ thickness of the walls of the cylinder In inches. 
8 = working tenslonal etreEH of the material In pounds. 
By transposition we get: 

PD 



By aubstitutlng the radius tor the diameter, which slmplifloa (he 
fanuula. we get: 



and then by solving the problem of our data, although this formula 
Is not Intended for appllcalfon to iblck cylinders, yet we work It out 
lor the sake of comparison with others. We have, then; 



18,000 
which Is the same result as given by the flrst formula. This rule is 
in harmony also, with the formula used by alt bolter Inspection com- 
panies for the thickness of bolter plates. Prof. Merrlman further says: 
"For very thick cylinders this formula Is only approximative." 

Mr. J. D. Van Buren, Jr. 'a formulas "are developed In reference to 
the uttimate strength of the material In order to leave the choice ot a 
factor of safety to ihe Judgment of the designer." This Is the treat 
way to give rules; if, then, the elastic limit of (he material be ascer- 
tained, we will know Just how far to go In milting stress upon ma- 
(erlals, and be safe. But when a rule Is given, without a hint as to the 
degree of Ks safety, we realty know nothing about it. 

Mr. Van Buren assumes IE, 000 pounds per square inch as the ulti- 
mate and 2,500 pounds as the safe strength of good cast Iron, thus 
allowing a liberal factor of safety— between 7 and 8, Hia formula is 
the same as the Bret one, as noted aliove. and Is for thin-walted cylin- 
ders only, such as steam and wa(er pipes. 
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Molesworth, In his 'Tocket-Book of Engineering Formulas," 
f fiile for tbe tblcknesB of metal in hydraulic cylinders In ttU fonn^ 



In which (^thickness of metal in inches, 

D = internal diameter o£ cylinder In inches, 
P^ pressure of the water In tons per square inch. 
x=a constant for different metals, valued at 7 for cast Ij 
H for gun raetai; 20 for wrought Iron, 



For 



Nothing is said about conditions or whether this rule is for the safe, 
or the bursting strt^ngth. This rule Is the same as Barlow's, except 
the constant T is taken Instead of 18,000 pounds for the ultimate tensile 
strength. 

Hurst's "Hand Book" gives the same rule En simpler form, thus: 



24 



= G inches. 



D. K. Clark, for the sake of argument, divides the cross section of a 
cylinder into a number of concentric rings of equal thickncsB, and then 
supposes that each one bears less strain according to its distance from 
the center. He then plots a curve over the points, above a base 11ns, 
representing the stress carried by each ring, and finds It to be Ii 
botic, from which he formulates the following rules: 
P-=S X hyp. log, R 



hyp, log. B 
P 
- 1= hyp. log, R. 



^ i^^m^m 



in which P^the Internal pressure in Ion; 
S^the maximum tensile stress 

or pounds per square Inch, 

JI = the ratio Of the diameters, that is. the outside diameter 

of tbe cylinder divided by the diameter of the bore. 

These rules apply as rpodlly as any. Let us take our previous case. 

■ Then we have from the tables; the hyp. log. of 32/16^0.093; S = 

^B.OOO pounds per square Inch =: 9 tons; then P = 9 X 0.693 = 6.237 

kthe tona pressure per square inch^= 12,474 pounds, which will pro- 

e rupture, it the iron will fail at 18,000 pounds per square Inch. 

fLamfi'e treatment of this subject Is classic; we will give only his 

mula for the thickness ot the walls of thick cylinders, which Is: 



-mr-'] 
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In which ( = thickness lu Inches. 

S=TlJie tension tn pounds per square Inch, 
P=^lhc hydraulic pressure ia pounds per square inch, 
r^lhc Internal radius of Uie cylinder In Inches. 
Inserting our data in ihla formula, i\e have: 



r /18.000 + 6,m*\ A 1 
= 8 I ^1 -I =3 

1\18,000 — 6,000/ J 



.312 inches. 



LauiS Is quoted by Ranhine, Reuteaiix, LIneham, acd Burr. 

It ts Imporlant to observe, as noted l)y Reuleaux, that "the iatemal 
Xiressure P. should In no com exceed the permlastble stress 3 of the 
«aiateria]. That is, it we make P equal to, or greater than 8, the cyliu- 
<5er will burst, however great the thickness of the cylinder be made." 

Ranklne gives a rule of different form, but it leads to the same result 
^u Lame's. It Is In this form: 



\/-p 



8 \ 1 



rhich U ^= external radius of the cylinder, 
r^ Internal radius of the c.vllnder, 
f=tenacity of the material, 
P^hureting pressure. 
Introducing our dimensions, we have: 

18,000 + 6,000 

= 1.414 

18,000 — 6.000 

whence if = 11.312. Now R — r = the thickness of the cylinder's walls, 
and therefore 11.312 — 8 = 3.312 = t. 

We omit Ihe fluid pressure from without, which is the atmosphere 
lo this case, and Is therefore unlmportaat, Ranklne claims for bts 
(ormula the same "important consequence" as noted by Reuleaus in 
a preceding paragraph, but liow this can be made to appear, will 
reqalre a Journey through a long line of formulas, not within the scope 
of the present treatise. The way to a clear understanding of Ran- 
kine's deductions can only )je pointed out by the intelligent hand of 
the advanced mathematician. 

The following table gives the resulting thickness that will just sus- 
tain the pressure, as obtained from the several rules quoted. The 
data are; 16 inches Internal diameter of cylinder; 6,000 pounds hydrau- 
lic pressure per square inch; and 18.000 pounds ultimate tensile 
strength of the cast iron used In the cylinder. 

Tliickness in inches. 

Rule for thin cylinders 2.666 

Rule by Reuleaux 3.100 

Rule by Brii 3-160 

Hole by LamS and Ranklne 3.312 

Rule by arashot 3,840 

Rule by Barlow , 4.000 

Rule by Molesworth and Hurst 6.000 
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The last one ot tlits list, probably, laclades tbe fbfckaess Cor safety, 
aithough the author does not aay It; tbe extremea excluded we have a 
range from 3.1 lo 4 Inches; the factor tf safety must be decided by the 
designer (or the material and purpose. Mucb depends upon a through 
and through strength and (he toughness ot the cylinder casting. If 
the metal be open-gcalned (roui the internal surface into the loafis, the 
liquid within, under pressure, will peneirate Its pores; thus acting upon 
a larger radius, It deSea the rule and destroys the cylinder. The 
weight of evidence here given plainly shows that tbe formulas wbicb 
do not take Into account the variation of tension In the walls ot a 
thick cylinder, under bydraulic pressure, are not reliable. 

To betp the reader understand some of the difficulties in the way of 
solving this problem, bis attention Is called to the tact that when a 
straight bar ot metal Is subjected to a direct tension, every part of 
the same may be considered as being under equal strain and as con- 
tributing its share of resistance to prevent separation. On the otber 
hand, as stated by D. K. Clark: "the resistance offered by the sides 
Of a cylinder to internal pressure Is not uniformly exerted tbroughout 
the thichoess of (he sides. On the contrary, the resistance is a maxi- 
mum at the Inner surface of the cylinder, and when the stress on the 
inner surface does not exceed tbe limit of Us elasticity, tbe tensile 
stress diminishes uniformly through the thicbness ot the sides, and 
Is a minimum at the outer surface. For cast Iron, the bursting strength 
is measured by the total resistance opposed to breakage, when Lbs 
Internal surface Is strained to tbe uKlmate limit of Its tensile strengtb." 

But now we meet the difficulty ot knowing the thIclmeSE of tbe Inner 
skin and the degree ot sponglness of the interior. If there be any; 
should this be excessive (offering little, or no resistance), we could not 
count on more than one-third the section for resistance to tha Internal 
pressure, and this condition of metal may account for many failures 
of press cylinders, especially when- calculations are l»ased upon th« 
supposltioa of uniform density. 

Of the formulas which have the sanction of science, It may be said 
that, while they are correct— considered as algebraic and arithmetic 
forms — yet, when employed tor results, care must be taken that all (he 
elements entering the formulas exactly conform to the facts; remember- 
ing always, that it Is the material which gives the streuglh. and that 
tbe character of the stress to wblcb It is subjected, must be known and 
provided for. 

There Is also danger due to casting the bottom In one with the cylin- 
der, but this may be averted by forming the end spherical and of even 
thickness with the walls of the cylinder. Even when the bottoms are 
made convex to a larger radius, they are not safe; cases of failure 
have occurred at the joining of such curves. Reuleaux informs us that 
"the method used by Hummel, of Berlin, is to make the cylinder as a 
ring, and the bottom as a separate plate. Loren7, ot Carlsrube. makes 
the hoitom separately and screws It In." Leakage may be prevented 
" y cupped leathers, same as those applied at tbe vani or plunger end 
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Wben a certain load ts to be lifted and sustained by the ram, the 
leaaloD on Ihe metal may be decreased by an Increase of the diameter 
of the ram. "The Conslructor" says: "In the case of Hummel's hydrau- 
lic press, in the table below. If we make the ram 26 laches diameter, 
the presBure P will be reduced to -t.OST pounds, and S to 7,900 pounds, 
which Is quite practicable. The cross-section of the cylinders will be aa 
1 to 0.73. which effecla a saving of about 20 per cent In the material." 

OIVBEIBIOITS or M. VIW HOTABLB PRHSSES WITH PBBBbnitSa, AKD STBESB ON 



MATBRIAL, PI 


OM RE 


Orj!4U 


I'B CONBTBOC 


TOR 




»„..„. L«„,„... 


Rom.' 


B.™, 


?.s- 


L^ao.R.m 


lir'^rn 


tHoS" 


C^Dwajr Bridge 

-Hummel, of Berlin.. 


18 

18 
30 
37.66 

28 


30 
20 

2S 
M.33 
24 


8Si 


1.4M.00O 
1.456.000 
1,031.520 
3.540.000 
2,200.000 


5.900 
4,191 

8,400 
4.425 
5,174 


10.500 
7,460 
14.500 
13,184 

10,000 



Referring, again, to the admirable work, "The Constructor." by Reu- 
ieaus. translated by H, H. Suptee. we quote: "Brli calculates the 
airesses at different points on the radius upon the suppoBltlon that 
the Internal diameter Is not altered by the pressure. Barlow admits 
snch an alteration by pressure that the area of the annular section 
1b not reduced. Lam6 makes neither of these assumptions, but calcu- 
Ules very closely the changes in the various stresses which are caused 
by the internal pressure at each point, and ia this way has obtained 
the most reliable data as to the real behavior o( the particles of the 
tuaterlal. 

"All tbese theories admit that the Inner portion of the wall is 
Mralaed the most, and hence it is for the Inner wall that 5 should be 
cbosen. The formulas of Lam6, as well as those of Barlow, show that 
iMyond certain limlta an increase in the thickness Is not attended with 
any Increase of Btreneib. With a given resisting power S. this limit 
win be reached when P = S. Lack of homogeneity In the material may 
cause the danger pressure to be reached far within these limits — the 
material breaking without previously stretching. 

'"Various methods have been devised for strengthening thick eylin- 
dera, by giving the various layers different tensions. Of these roeth- 
odB the principal is that of hooping. The chief result of this con- 
struction is to produce a compression in the inner layer. The pressure 
must then first overcome this compression, and restore the normal 
condition, before It can produce any extension of the fibers, and as a 
result a much hightr degree of reaislance Is secured than when the 
metal la left In Its normal condition." 

The calculations of the resistance of hooped cylinders offer many 
dtOcollles. and we can best refer the readers to "The Constructor," page 
16, If he wishes to pursue tils Inquiry further. Proofs are given that 
the mere hooding o£ a cylinder with a ring of the same material as 
the inner tube, adds very materially to Ita atrength. If. however, tha 
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ring la forced on in aay manner go as to produce an iollta] I 
upon the tube, a still greaicr advantage will be tbe result. Encircling 
tiie boops by additional hoops has been proved to add still further ad. 
vantage.. Tbe study of these princiiiles and methods, as applied to 
heavy guns, will be found fruitful of results in this line of Inquiry. It 
Is. therefore, important to use material capable of withstanding a high 
EtreEs, and to take great care in construction and In tbe disposition of 
the material. 

We have here very clear proof drawn from higbest authority, that 
the material and the conditions to be observed in its preparation and 
use, must be well considered. Of these essentials, most of the rules 
are silent. The presentation of formulas giving widely different re- 
sults, without a word of comment or sign of assistance that will en- 
able the reader to decide upon the one that applies to his caae, is very 
far from being a reliable "short cut" to correct i;nowledge. The prin- 
ciples must be ever kept In sight, yet the way to results must be. 
like the straight line, the shortest distance between two points — be- 
tween the ItDown and the unknown. It is all very well to say: "Ton 
must use Judgment witb rules," but tbe rules themselves do not fur- 
nish this. Now, judgment is Ibe outgrowth of the larger mind, fer- 
tilized by experience, and we are aiming here to render assistance to 
those who want to Icnow, by presenting the results of experience. 

There is no need of discussing the rule given for thin cylinders, as 
the stress produced by the hydraulic pressure acting as hoop-teusion, 
may be taken as practically uniform throughout the walls of the cyllQ- 
der. It is for thick ones only, that a "hard and fast" rule cannot be 
made to apply. 

It should be said here that great care must be taken In the adop- 
tion and use of rules for proportioning parts of machines which are 
to carry heavy stralus. The Object of the writer In this palnstaltlng 
effort to collect and compare existing rules. Is lo show what rules we 
have and what they mean. The ancient advice. "Prove all things." 
Is not more imporiant in tlie lines laid down by its author, than It 
is in engineering. 

Tbe present chapter has dealt largely with theoretical considerations. 
and a thorough Investigation of the rules and formulas at our dis- 
posal. In the following chapters we shall give more attention to the 
application of tbe formulas to actual design as presented by practical 
designers of this class of machinery. 
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DESIGN OF THICK CTLINDERS 

k phase of deelgn on whicti there are but few available daU 1b that 
o[ thick cylinders for presGures above one thoueand pounds per square 
inch. Comparatively Tew hydraulic press cylinders work at a less 
K>ressiire than this, and the deelgnlag must be done very carerully both 
regarding strength aud distribution of the metal. 

Lome's formula for thick cylinders, referred to in Chapter II, Is, In 
its usual foi-m, 



( = 



'U^.-) 



(0) 



^ometimeG inconvenient for handling. The following forma of the 
Batne formula, obtained by substitution, are preferable for the use of 
'be designer. 






If + r' 
'O Which: 

S = maiimum allowable Qber stress per square Inch. 
R:=outer radius of cylinder. In Inches, 
r dinner radius of cylinder, in inches, 
/■reworking pressure of liquid within cylinder, 
t = ll — r = thickness of cylinder, in Inches. 
Form (S) of tbie equation may be transposed to read 



R lS + 1 



which reads "the ratio of the outer radius to the Inner radius is equal 
to the square root of the quotient of the difference of the allowable 
worhlng stress and the working pressure into the sum of the s 
By allowing these last-named quantitieB to vary over a considerable 
range, the writer has prepared a table ot raHoa ot outei Xo taaei: va.i\\. 




aqwllin the allowable stren, uid becones u iaisslurT qouUlr 
when tktt prewra la p<*tn' tbui the allowftbl* stnaa. In practice, 
tfcte mf pa that for eack metal tbere ia a Umttlne pi iiare. berond 
wUeh It la liapaaalble to dcafgn a aafe cyllader. and a Bwttl oC hlgber 
unaOc atressth rawt be taplajed- Fortber. for ererT nuteriat then 
ta a preaavre point for cadi iliaai«tn- of cylinder b«]r«md which it is 
economical to resort to a better grade of material. Tbe allowable stresa 
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~ls a fignre dependent on Ibe elastic llmll oE tbe material. In bydraulu 
cfUnders we are usually sate In worhlDg the material up to fifty per 
cent of the elastic limit. 

In designing a cylinder to give a certain lonnage H Is well t 
Id mind tbe toltowlng points: 

1. With a Bxed preaanre, the tonnage Increases as the square ot || 
diameter. 

2. When the pressure exceeds 2.500 pounds per square Inch, ', 
Ings become leaky, valves do not hold, and pipe fittings give trouble; 
for these reasons It is advisable to keep the presaure below this 
point, but as this necessitates a larger cylinder, cost often la pro- 
hibitive. 

SupiMJse a cylinder. Is required lo give 93 to 100 tons pressure: 

An IMncb cylinder working at 2,000 pounds gives 9S tons, a 10-lnch 

cylinder working at 2,500 pounds gives 88 tons, and a 9-lnch cylinder 

Working at 3,000 pounds gives 95 tons. For calculation let us take 

I JO-lDCh cylinder working at 2.600 pounds, and let our material be 
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caflt Iron whose allowable Btreas Is 
Bubatlluling In forraula (6) 

'«(HK) + 3500 



V-S TRE\GTH OF CYUNDEKfi 

,00D pounds per square lnel 



'W 



1 



V BOOO - 2500 / 
(^thlckneae ot cylinder wall. 2,79 IncheB, 
Reference to ibe table of ratios under column of 2.500 pounds preas- 
ure and on tbe line of 6,000 pouuda allowable stress, sives'the ratio 
1.558. 

It is well to leave more melal In the bottom Of a hydraulic cyl- 
inder tban the design would seem to require, for the reason that a 
hole of some size must be cored tn the bottom to permit the entrance 
of ft boring bar when Bnlshlng the cylinder, and when thia hole ts 




n«. a. na. a. 

subsequently tapped and plugged, It wilt be found a fertile source of 
trouble. 

Flanged cylinders. Figs. 1, 2, 3. and 4, are tbe type usually employed 
in hydraulic preis work, and In addition to withstanding burBtl'ng 
pressure, they must wlthaland the beam load on the flanges. The 
frequent point ot failure is at the junction between the Bange and tbe 
cylinder This aecilon Is nsually further endangered, as the Internal 
etreasea set up by the cooling of the caatlng are severe, and the metal 
usually "draws" away because ot the more rapid cooling ot tbe flange. 
r this reason, care should be taken to avoid having thin portion! 

! abruptly from (hick portlous, 
>attems should be parted just above tbe flange, and all cyllndera 
Mid be east with the open end up so that the dirt In the Iron will 
nmulate at the top of the casting where It can do little harm. 
I abort cylinders, the sprues should come off from tbe flanee and 
r edge of the cylinder. On long cylinders It la necessary to hare 
1 further down, and It happens not Infrequently that the spongy 
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■XKis where Ui« sprues have been removed have to be plugged. Porous 
c^astiiigs nia7 be treated in several ways: A strong sal-ammoQiac 
^^alution Is a very common trea'nient. as is also common ealt. Starfh 
<»»■ wood pulp left under pressure will aometiroes prove effective. 

Tlie common forms of h)*draulic packlDga are: U packing with a 
x-«niovable follower. Fig. 1; cup packing on the end of the ram, Pig. 2; 
XT packing in a chamber in the neck of the cylinder. Fig. 3: and U 
K>a.cking on the end of Ihe ram, Fig. i. The U packing with the 
x-«movable follower seeraa to be the most mechanical, and gives very 
excellent results under any pressures. There is much contention 
^M.mong the competing presa hulldera regarding the best style o[ pack- 
Xng, but the writer's observation has been, that with good workmanship 
^Mjid a good packing, there is Utile choice as to efDciency, the main 
K>olnt t>eing acceeslblllty for repacking. 
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CHARTS AND DIAGRAMS FOR THE DESIGN OF 
• THICK CYLINDERS 

In the present chapter three charts for the design of thick cylindere 
are given, which will be found helpful to designers. The fortuulaa on 
which these charts are founded have already been given In Chapter 11. 
but the present chapter contains all the matter necessary to make It 
a complete whole by Itself, even at the risk of some repetition of 
statements. 

The thickness of wall in cylindera for high pressure must he deter- 
intaed partly from experience. IQ ail cases a large factor of safety 
must be employed to allow for Imperfections In the metal, strains 
due to outside causes, etc. In the determination ot the factor of 
safety, the designer must be guided by current successful practice. 

The moat generally accepted formula tor the thickness of wall is 
that of Utm#. It is as follows: 



'iWs 



in which 
t = thicknesa of wall In inches. 
D^= Inside diameter ot cylinder In inches. 
p = working pressure in pounds per square inch, 
S = 8lreaB in cylinder wall in pounds per square Inch, 
(For the derivation of Lamp's formula, see Thurston's "Iron and 

Steel," page 452; Rankine's "Applied Mechanics." page 290; or Burr's 

"The Elasticity and Resistance ot the Materials of Engineering," pages 

19 and S95.) 
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If S is taken as the ultimate tensile streogtli ot tbe material, ' 
thickness found will be that which would just he ruptured by the given 
ttorklng pressure. To find the actual thickness, the ultimate lensUe 
strength must be divided by the factor of safety. 

The accompanying set of curves. Figs. i> and e. has been devised to 
save the lime and matheniattcal worlt involved In the solution of prob- 




lems by Lamg' 
tour quantities may 
known. 

To prepare (he cur 



ot these curves any one of the 
readily be determined when the other three are 



3 put in the form 






in which 

B^the external radius of cylinder. 

r = the Internal radius of cylinder. 

(The formula 1b transpoaed to the form in (12) by substituting 

?«nd R — r tor t. and then dividing by r.) 
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It will be seen that the value at the ralfo E/r is independent of the 
diameter. For convenience, denote the value ot tbts ratio by A'. The 

'ormiila tben becomes 



'=^- 



'.m 



Tlie values ot the inalde diameter D are plotted in Fig. B, and the 
v-a.iues ot the working presBure F are plotted In Fig, a. ae indicated. 




The values oF the ratio R/r are laid off along the righl-hand vertical 
oulllDe in Fig. 0. and along the lower horizontal oulllae In Fig, 6. 
with one at the zero mark. The vahies 100. 200. etc,, 
then subsliluied for S In Formula USl , and the rcaiiltinK ooiula 



rves resuUiog from connect- 1 
m (be walla oC (he cylinder. | 
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located on the diagram In Fig. 5. The cu 
fng the poiQis plotted, repreBent (he atreas 

Since t = R — r and R = Er. we have I 

t = AV— r ' I 

= - (ff — 1) 
and therefore 'it = d (^ — 1). I 

This equation Is of the form ly^zC. The values M.. "4. etc.. are 1 
then substituted (or (. and the resulting curves are drawn In diagrajn J 
Fig. 6. These curves represent the thlckneas of the cylinder wall. I 
The UBB of the curves will be best shown by an example. 

Exafn.pJe.~-D = j Inchee; S = 1.GI>0 pounda' per square Inch; P:=700 \ 
pounds per square inch ; find (. 

SoIuHoti. — From point 700 In diafiram Fig. 5. follow vertically upward j 
to the stress curve marked 1,600, Then move horizontally to the right 
to the vertical outline of the diagram. Locate the eorresnoading point 
to the intersection with tlie vertical line In Fig. 5 on the horizontal 
line In Fig. 6, measuring the same distance from the zero point at 
the lower right-hand corner, and from thla point follow vertically , 
upward until Intersectine the horizontal line from point 5. The Inter- j 
section tails nearly on the thickness curve marked V^. The required I 
thickness is therefore IVi Inches. 

The diagrams here given are Intended merely for guidance, and 
when used for laying out hydraulic cylinders should preferably be 
drawn In much larger scale, which enables much closer resulta to be 
obtained. In such a case It will greatly facilitate the use of the dia- 
grams It they are placed side by side so that the right-hand vertical . 
outline in Fig. 5 coincldts with the lower horizonttal outline In ] 
Fig. 6; or. In other words, so that line S'O in Fig. 5 comes In line ' 
with OX In Fig. 6. If the diagrams are arranged In this manner, one 
can follow directly from the stress curves in the one to the thickness 
curves in the other, without the difficulty of finding the points on the 
lower horizontal line la Fig. 6. which correspond lo the points found 
on the vertical right-hand line in Fig. 5. 

It is obvious, of course, that if the thlcUneBB, the diameter, and the 
atresB are given, and (he pressure Is to be found, the diagrams will 
be used in a reverse order trom that shown In the example above. 

, for Instance, the thicknesB, the pressure, and the diameter ara 1 
Iflven, and It were reijiilrcd to find the stress, one enters Into the ] 
3 from two places; that la. from the diameter and the pressure, 
Iowa respectively the vertical and horizontal lines, account 
Ffeelng taken of the thickness, until they intersect on a certain Gtre£.s 
From this It is evident that these diagrams permit the work- 
' Ins ont of any problem without mathematical calcnlailons. It three of 
the four quantities, diameter, stress, pressure, and thickness, are 
given, and (he fourth Is to he found. Any one of the quantities may 
be unknown and located on (he diagram. 

Another writer presents the chart In Pig. 7 with the following 

'VlBtlOD : 
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"Suppose tt is desired to have a chart whlth will give the tblcknesB 
or cyllDders for various preEsurea, sizes and matertalB. 

"For thin cylinders, not having a seam or joint, the formula is 



where 1 = thickness in inches. 

p^ pressure in pounds |ier square inch, 

d^ Internal diameter of cylinder, and 

s^aUowable working stress. 
"For thick cylinders (as we have already seen in Chapter 11), Burr, 
In his "ETIastfcliy and Resistances of Materials." page 36, gives 



( : 



'[(^)'-] 



In which r = Interior radius, 

ft ^maximum allowable hoop tension at the Interior of ibe 

cylinder, 
( = thickii«S8 In Inches, and 
p^ pressure In pounds per square inch. 
"Rankin e gives 



In which R = exterior radius, 
r^ Interior radius, 
t=^al]owal)le working stress, and 
p=:pressure In pounds per square Inch. 
"Using the same notation, Lani6 gives 



H = rA 

>ji - p 

king stress, and 
lunds per square 
Lani6 gives 

9 — V 
here required, we 
ind Butt's lonuulai 




le corrtaponding values of — may be calculated. Laj oul the chu 

P 
ir thin cylinders, i-booslng for the first lactor at Itae top of llie cbarl 

and tor the aecond Tactor — ; their product. — , is represented by I 

alform scale on the sides. (See fliarl Fig 7). The niliiimum readfnj 



CHARTS AND DIACKAMS 



27 



lias been chosen as 1. and the maximum reading as 13.5: each or the 
small spaces Is 0.5, On the botlom lay off values of r, which have been 
chosen from 2 Inehes to 20 inches and doubled to read diameter instead 
M radius. This radius Is considered a first factor commencing at the 
1 r 

boltom of the chart, the second factor being — ; their product Is — . 



which Is equal i 



- and Is represented by the same scale at t 



Bide. 

"Since tracing from streea to pressure and thence to the side of chart 
stnkea the same value as tracing from the diameter to thickness and 
tlience to the aide, they must Intersect at the required thickness. The 
example illustrated by the broken lines is, stress — 17,000, pressure 
=^ 2,500, diameter ^ 22 inches: the intersection shows the thickness 
t-o he 1% inch, according to formula for thin cylinders. In Merrlman's 
t r 

f vmiula — ^ hi, hence a correction of 2 spaces of O.S each is made 

P ( 
^t the right side, and in the above example the intersection shows the 
thickness to be 1'^ inch. The corrections on the left aide for Burr's. 
Xianklne'a and Lamp's formulas are laid oft from calculated values 
lireviously referred to. The eitample indicated shows the thlckneaa 
s»ccord[ng lo this formula lo be 1% inch, which Is probably the most 
i-ellable as being based upon a more nearly perfect theory, U may be 
xiotlced tbat in calculating the corrections for LamS, Ranklne and 



i formulas ihe values inserted t 



■, while the values of the 



ecale on the left of the chart a 



This is rectified by the use of a 



table of reciprocals when plotting these corrections." 

The various equations for thick formulas have. In the previous treat- 
ment been repeated several tiroes, but this has been done In order to 
Hermit each writer to present in full his way of analyzing the problem. 
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THICK CYUNDEES 

Tiie caliulalioii of tlie tliickness of cylinilerB (oi" a give 
B been ho mucli disi^UBsed. and so many formulas have been dediiced, 
> theoretical and others empirical, that there seems to be Hide 10 
Yet this Eubject is so little understood that every eiperlenced 
neer relies on his onn experience, and In moat cases uses Do 
Torinula at ail. except a kind of proportional one. that is usually all 
right for limited presBures and eizes of cylinders. Some romiulas. 
although published in reputable engineering hand'hooks, are abso- 
lutely worthless. Others, again, are good for high pressures but value- 
less for low presBureE, and t'l'f vrsa. 

Commonly Used Formulas 
In low pressure work the general practice Is 
(ro( the metal ^= diameter x unit preaaure -^ tw 
?3S of the material, and add to this i 
fallow for unBoiind casllnga and possible unkna 
DP 



to make the thickness 
lee the allowable work- 
1 variable quantity W 



2S 



where ( = thickness in inches, 
D = diameter In Inches, 
P^= pressure In pounds per square inch, 
iS=: allowable tensile stress In pounds per siiuare Inch, 
o^: variable quautiiy. 
The quantify a varies with the size of the cylinder and the pressure, 
[ and wllb the conditions under which the cylinder fe operated. 

For high pressures l^m^'s formula fa usually used and Rives re- 
liable results. This formula, transformed for practical application, is: 



ntlty w I 

I 
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where (^thickness in Inches, 

S^ allowable tensile strfss in poun;ls per square Inch, 
P^working pressure in pounds per square Inch, 
r=:iniernal radius. 
Thla formula Is arrived at theoretically and expresses the exact rela- 
^ tlona between the tensile atrees and the working preaaure of an elastic 
material, with the exception that it does not take the lateral contrac- 
tion of the material under stress Into consideration; this can be 
onillted tor practical purposes, since the variation of the quality of 
[the material, unsound casUngs, and conditions of service, mot 
tBunterbalEnce the gain by conetderlng the lateral contraction. J 
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For ihose that care to noTe the dlfferenre between Lamp's formula 
and the one foasiderlng lateral contraction, the latter, for caBi iron 
and steel, iislDg the flame notation as before, is given boloiv. 



For steel ( 






(17) 



Whereas Lame's fcrmula \& the same for any material, the latter 
formula varies with the material, since the lateral contraction varies. 
This contraction is about \/i for cast iron and 1/3 for steel. 

For iiressures ordinarily used in hydraulic work Formulas (16) and 
(IT) give a thinner cylinder than Formula (15); but for very high 
pressnres. such as occur la guns and sometimes in inlensifiera. 
Formulas (161 and (IT) gjve thielier cylinders than Formula (L'l). 
Dnless one la positive of a high-grade material and sound castings, cast 
Iron should cot be used on pressures over 2.000 pounds per square Inoh. 

Formulas (15). (16) and (17) are deduced on the supposition that 
tbe inner laminae of a cylinder rupture Hrat, and the moment rupture 
occurs, the stress on the moterlal is lacreai^ed. due to the dlametisr 
being Increased by the starting rupture, and the rupture continues lo 
the outi^r lamina, or, (commonly speaklns, tbe cylinder is "burst." 
Arrordlngly, the foriniilaH give such a thickness that the pressure oii 
r lamina does not exceed tbe ailowabie tensile stress, provided 
the assumed working pressure is not exceeded. Tbe pressure on each 
Bucceeding lamina varies as tbe square of its radius. 

5 formulas are deduced from the above assumptions, there 
: Ije some limited working pressure for each assumed. allonahle 
tensile streis. which. If exceeded, will produce a stress on the Inner 
lamina exceeding this allowable tensile stress, even If the cylinder 
were made Inflnttely thick. We will now tnsiiect Lamp's formula to 
Bnd This limited working pressure. By making P=^S. we have 



-i^J^-']"'" 



Therefore, S is. theorelically, the limit of working presauri'; of 
course, practically it Is much lower than this for economical reasons. 
The writer takes the thickness equal to the radius as a practical limit; 
If greater thickness Is required a higher value for S Is used, and 
consequently a lower factor of safety, or a better grade of material Is 
employed. 

In Formula (17) make P=% S. then 



In ihts formula the limit of working pressure is %S. showins that 
the (hlckoess Increases much more rapidly as the pressure Increases 
than 111 Formula lU-). In Formula (IC), again, t ^ cl Iot P =i 8, 



, i7—S7RIiSCTH OF CtUSDERS 



AiiotlieT formula frequeolly used ie 



(-^) 



(W> 



Tbis l8 an empirtcal formula giving resulla agreeing very closely 
wlUi those obtained by Formula il5i for llmlied pressures; it does 
not give the True relation between H and P. and II Is elmply a raodlfl- 
catloD at Formuln 114). uith the quantity a replaced by the factor 



('n)"' 



hkh Tactor Uoes 



H and Btressea, Make P = 



no I vary eoerectly ■ 
b' and we get 



i-ilh increased pres- 



r H \ S f 



or the thickneRB Is nqnal lo 2r: even if ne make P^2S we grt S 
IhirhncBB aiipareiiily sufficient tor the presfure; but to find what the 
actual teUGtle BlresB produced will be under Buch a pressure, we are 
compelled to reBort to Formula diii. Formula 1 18) ts theoreti- 
cally and pracilcaily wrong. 

Conditions OovemlnK the Thickness of Cylinders 
Having InveBtlgated various Tormulas uBed for calculating the thick- 
nesa of cylinders and given a fair average practice, we will now go 
Into the conditions ibai govern the ihlcknees of cylinders. 

1. Two castings taken from the same cast vary widely as to chem- 
ical and phyekal qualities and soundness, depending on what part at 
the cast each is taken from, conditions of mold, etc. Castings from 
different casts vary still more. 

2. There is a limited thickness below which casting is impossible; 
this varies wlib (he kind and quality of metal and the skill of the men. 

3. Castings handled by unskilled nraiio men receive very severe 
shacks and knocks, oflen producing stresses Far in excess of tbe stress 
produced In service. 

4. In hydraulic systems, the cylinders are subjected to shocks, the 
magnitude of which depends largely on the design of the system, the 
service tor which the cylinder Is used, and the coustruclion and 
method of operation of the valves. 

As far as the variation ol the chemical and physical properties are 
concerned, that is taken care of by Ihe fador of safety. The sound- 
oess of Ihe casting is taken care of by allowing an additional amount 
of nielul; this varies with the kind of material, being more for cast 
iron than for brass, for Instance. The amount lo be added Increases 
In a certain ratio as the diameter increases, and decreases in a certain 
ratio as the pressure increases. The increasing pressure requires 
more body lo the metal; therefore, the casting is sounder and less 

k tnetal need be added. In fact, for pressures above a certain limit this- 

i addition of metal can be omitted altogether. 

I The amount of Ihe addition depends on the quality of the melat 

taad the allowable lensHe stvesa, and s\iow\A Aw. QToioortioned acrorfl- 
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lUKly by the designer. With a gcod qiialiiy o! metal. 
■■all be made thinner, and yet be sound. Witii a higher allowable 
Wnsile stress, the caetlr.gs are thinner tor a given pressure than wMt 
XI lower, and consequently more metal must he added to make a aciuiid 
and reliable easting. The limit of thickness below which casting fs 
SmposBible varies with the quality at metal used, and should be 
«j«c[aeil by the deaigner's experience and judgment 

Prom the conditions enumerated, the writer has deduced a formula. 
■T'ontorraing with theory and practice, which can be used tor any work- 
itig pressure high or low and any allocable leiiBlle stress. Tor ({le 
STlirary thickness Tor Ibe pressure. Formula (15) Is used. Then add 
tno quantities, one Increasing as the diatneter Increases, and one 
ciecreaslDg as the diameter Increases (but not In the same ratio as 
the first quantiiyi, and botb decreasing as the pressure per square 
'iich Increases. Folloivlng la the formula: 






n.0061 /) ) 
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The n 



[on Is ihe same as previously given. 
Is'ow let us iiieject this formula Make P=^,S and we get (= ob + 
^ ~-t- 0. which 1b theoretknlly torrect. Now let ue mak*> P = and we 
^^■t f = (i 4- <0,4!l2 — OOfuJl D) -^ni)23D. which la the minimum thick- 
^■"^ss, For a two-inch cylinder this would be f = n,4398 4- 0,cne = 
"--»S:8 inch, and for a ibirfy-inrh cylinder. ( = 0.2«H -+- 0.6H = 11.959 
**<^h. or lor a sixty-inch cylinder. ( = 0.086 + 1.38 = 1.466 Inch. These 
■^SrltnesBes are within Ihe Units of poBSlblllly of casting, and the 
■^fc-mula 1b. therefore, correct from a practical standpoint, 
Dlaffram for Calcutatine Thick Cylindere 
Pfoia the diagram, Fig. S, the thickness of cylinders can be taken 
^'ireclly for any working pretaure up to B.fiOO pounds per square Inch. 
^»»il tor the commonly used fiber stresses. 

The line .1 B Is the base line on which the fiber Btress curves are 
•"Onstructed. A 32'iDch dameler cylinder was the maximum ccnslii- 
^t-ed tn plotting the curves, but the diagram can be made to rend _iip 
'•s 40 inches diameter by extending the diagonals, reference from the 
Bber-Kiress curves always being made to the base line A B. By let- 
*^lng the diagonals encroach en the f)t>er stress chart, the limit will 
1>« Ihe full extent of the (hart: the S.IjOO line or the maximum dfam- 
•^ter of cylinder would thus he H6 inches diameter. The formula Is 
■developed tor a maximum diameter ot cylinder of T4 Inches, above 
Which (he second turn of the right-hand member becomes negative. 

The location of the liber slreaa curves with respect to each other la 
proportional to the respective fiber stress values measured aloitg the 
nrdinates. For If 8 = 7.00U pounds per square inch Is required, divide 
a number of Intervening ordlnates between the 6.000- and 8.0011 pound 
corves In half, and draw s smooth curve throweb Vbe ^wiV.v^s, t,\vM& 
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THICK CYLINDERS 33 

"loeftted. If 8^6.500 pOQnda la required, the pofnis are loi'atod one- 
quarter of the leDglh of the Intervening ordinatea above the R.OUO-pound 
curve. Therefore, any number of curvee can be plotted with Utile 
trouble. 

For IntermliteDl streseeE. such as for cylinders for Bteam and 
iifdraullc work, S^^ 3,000 pounds (or cast Iron. 8^5,000 pounds for 
ordinary brass, and S=:1[).000 pounds for steel casllnge [a ordhiai-lly 
used by the writer. 

For steady or gradually applied stresses, such as pipe line Qttlngs. 
cast pipes, pneumatic cylinders, etc.. the streHses should be: for cast 
iron, g^= 3,500 to 4.000 pounds, (or brass. S = G.000 to 7,000 pounds, 
and for steel caslings, S=^ 12,000 pounds per square Inch. 

IF the cylinder Is turned on the outside and bored, the Ihl'kness 
given In the chart ts too high for working pressures up to ?;00 pounds, 
and Ihe thickness con be decreased by the following atnounte with 
safely. I<et T be the thickaess required and let t be the thtcknees 
■flken from the diagram, then 

BOO — P 

- (0,31 + O.OHSD), 



GOO 



In n 



1 that for .lOO pounds 
t be used. 



which D = dlanieter of cylinder. It wl 

Pot pressures of 2,u00 pounds and over, cast iron should r 
^Specially If aubjected, additionally, to bending and tensile stressea due 
to external lorees, as Ihe factor ot safety becomes too low. and the 
thickliess prohibitive; even when an extra good quality of cast Iron 
ts used, Buch as gun Iron. 2.000 pounds la about the safe limit, because 
Ic Is not possible. In most cases, to determine the maximum pressure 
<3ue to shocks, etc. Even IF the pressure due to shocks comes within a 
*'«3sonable limit, the cast iron will not last long under repealed ahocks. 

In low pressure cylinders, the thickneaa oF nietal Is much greater 
*han the working pressure requires, but nniat he such to obtain a Kood 
soLind casting, and the actual pressure that could be put on such a 
<?ytlnder without exceeding the allowable tensile stress oF the material 
(.'an be found by the Following formula: 



P = S 

if -fr" 
Where fl=:the outer radiiia, the remainder ot the nota 
the same as before. 

To find tbe tensile stress that a given pressure produt 
transpose the above formula and solve for B\ thus, 
ir + r- 



;i» 
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The thickness obtained by the Formula tl!*) is the true tblekiiess of 
the cylinder rough or finished. If the plunger works by displaeemeni, 
as It generally does in hydraulic work, or with non-compreseibie Buids. 
I iB tbe rough thickness. If the cylinder Is finlahed, t la the finished 
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tbli'knesb. It the cylinder 1b to be rebored, ( must lie figured for the 
rebored (ylinder, and itie amount allowed for reboring must be added 
on the Inside, even If a steel tube is lo be forred into ihe rebored 
cylinder to obtain the original diameter. If Ihe cylinder is sobjeei^ 
to ehoeks. this rauat be allowed for. In bydrauUc work the shocks 
con usually be talculated approximalely: not necessarily what the 
effeel of Ibe shorhs actually will be. but the maximum. effect undci 
working lOQditioiis. In well designed piping systema the effect of 
shocks In a high pressure syslem Is, contrary to general opinlona, le~s 
than 111 a low pressure Byslem tor the same work. 

Calculate the Ihickneea lor the static pressure, and Investigate this 
thickness for tensile stress produced by the possible maxtuum shock 
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as a support, the thickness need not be increased, even if the com- 
pressive stress is nearly equal to the allowable tensile stress, a case 
found in hydraulic accumulators, where the plunger remains station- 
ary, and the cylinder carries the balancing weight and resists internal 
bursting pressure at the same time. Yet, mathematically, the square 
root of the sum of the squares of the compressive stress and the tensile 
stress due to the weight and working pressure should not exceed the 
allowable tensile stress of the material. If the cylinder supports a 
weight producing a tensile stress, additional metal must be provided 
to resist this stress, exclusive of that which resists internal bursting 
pressures. This additional metal may be in the form of ribs, provided 
the thickness of the ribs is equal to the thickness of the cylinder, so 
as to prevent stresses due to unequal cooling or contraction. If the 
cylinder is subjected to bending, an additional amount of metal must 
be provided, the moment of inertia of which, about an axis through 
the center of the cylinder, is sufficient to resist the bending stress. 

In addition to the diagram, Fig. 8, a diagram for 10,000 pounds fiber 
stress only is given in Fig. 9, showing the plotting of the curves and 
liow the thickness increases with the working pressure. It also shows 
I>lainly that the Formula (19) deduced is a straight line equation, and 
drives the reader a better idea of the ratio of increase in thickness than 
t: he general diagram. Fig. '8. 




BURSTING STRENGTH OF CAST IRON CYLINDERS 

Some years ago the wriler reported to tlie American Society at 
.M"chanlral EDgincers some expetlments od the bursting strength Of 
(.■aet Iron eyllnders. In (he same report »as developed a formula 
for ihf thickness of such cylinders which SMUined the following 



pd 



cpd' p'lP 



where 

( T= thickness or shell In tnthes, 
d = internal diameter tn inches, 
p=T internal pressure In pounds per square inch, 
5 ^tensile strength of metal In pounds per square Inch. 
The llrEl term of the square root is In tl>e nature of an allowance 
for bending or distortion of the shell from some lacfa of uniformity 



f^m^l 




In thickness or In strength, the tonstant. 
periment 

If c^O, the equation reduces to 



m 



ine usual formula lor tbin sbells. 
An examination of several engine cylinders of different makes has 
I shown values of c varying from 0.03 lo 0,10 with an average value of 
Experliaenta os nine dldereiit cylinders varying In diameter 
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1 inrbes gave fairly uniform vatues for ( 



The metal at i.ue cylindera was an unusually ctose-graincil, tougli 
cost Iron, having a tensUo strenglli of 24,000 pounds per square inch. 
The tensile Htress on tbe shell as calculated by Uie formula 



averaged aboiil one-third of Ihis, showing the Inapplieahillty of BUch a 
'ormula lo cast Iron sheila. 

In 1SU3-IH Messrs. A. H. Austin and R. A. Brown made another series 
of (■Kperlnients of iliis character In the laboratories of the Case School 




of Applied Science, Cleveland, Ohio, which throws additional light on 
I lie problem. 

The experimenters used the apparatus In Fig. 10. which ahons the 
immp, the 'water pipe and check valves, the pressure gage, and the 
[■yllnder in position for a test. Four cylinders were tested to rupture 
with water pressure, each cylinder bavlng a length of 20 Inches, an 
Iniernal diameter of 10>^ inches and a tbldmess of shell of % Inch. 

The flanges were of (he same thickness as the shell and v.ere rein- 
forced by sixteen triangular brackets, as may be seen in Fig, 10. The 
rovers were held to the Ranges by sixteen soft ateel bnlta. % Inch In 
diameter, having a tensile strength of SO.OOO pounds |>er aguare Inch. 
The heads of the bolts were cut off on one side so as to bring the boll 
holes close lo the shell and avoid as much as possible the bending 
n^omeat on the flanges. Gaskets of straw board soaked In Unseed oil 
mid Inserted In shallow courilerbores were used in prevent leakage 
The tnslde surface of the shell was ctmled wWh v^TaWiw "Cw \\\« «%\tv« 
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reason. Former experimenU had shown that water under high i 
ure would And Ite way through very minute orifices. 

The cylinder heads flrat used were 1"4 inch thick and reinforced 
hy S ladlal ribs on the outside. These proved unsailBfaclory, the 
first bead brealiiug at G50 pounds per square inch and the second at 
MfiO tiouiids. The ribs, being on the outside, were put In tension by tlie 



' 

^ 




liuckling at the head and bad no value. As It was impracticable tof 
ribs on tlte inside, the head wae thickened to 214 Inches at the center, 
as shown in Fig. lU, when no more trouble was experienced. The four 
arcompanying iUustrations show tbe four I'yllndiTS after rupture and 
the preasure per square inch at the Instant of brcalting. 

It will he noticed tiiat the fracturcH are ail longitudinal, there being 
but little of the tearing of the shell under the Bange. which has 
l>een a marked feature of other experiments. It is evident that the 
brackets have served the purpose for which they v«ere made In a way 
that DO mere thickening of tbe fl&&KQ could do. The metal used' for 
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these cylinders was a soft, gray cast iron having a rather low tenBlIe 
Blrength. In fact, pieces cut from the shell of the cylinders and 
broken Id the testing machine had an average value for S o( only 
14,000 pounds, Ab teDBfon specimens of east iron usually show lees 
than the real strength on account of bending, the actual strength of the 
Iron may be slightly more than this. The average cross-breaking 
strength of samples from the shell was only 30,000, which is also low. 
The loUowing table shows In detail the dimensions and test press- 
ures of the various cylinders. Aa before stated, the cylinders were 
all ot the same diameter and length, 10)^ by 20 Inches. 

BUBOTOra pBasetJBS or oast ikon oruNSBRa 



No, 


THICKNESS. 


Burstine 


Value o£ 


3 = *" 




Max, 


Uin. 


Ave, 






I 
2 
3 

4 


.775 
.783 
.740 
.770 


.757 
.687 

.7m 

.070 


.766 
.740 

,731 
.730 


1860 
1400 

1360 
ISOO 


.0318 
.OISS 
.0126 

,0177 


9040 

loaoo 

6785 
9080 



VBlne of c 






The average value of c is shown by this table to be only one-third ol 
that for cylinders with unsupported flanges. The values for S In the 
Lost column give the stress as calculated by the formula tor thin shells, 
and show that the stress due to bending cannot be neglected even 
"vlth ihe reinforced flanges. This may be more clearly shown by 
solving for 8 In Ihe formula given at the beginning of the chapter, 
p d cpd' 



■Vp-bere the Urst term of the second member gives the stress duo to direct 
tension, and the second term, the stress due to bending. Assuming the 
average value iS >= 14,000 as determined by the testing machine, we have 
tor the tour cylinders: 



t/rf' 



14,000 


9,040 


4,9S0 


14.000 


10,300 


3,800 


14.000 


9.735 


4,265 


14.000 


9,0S0 


4.920 



No, 



The "accidental"' Btreaa, as It may be called, Is seen to be about one- 
third of the whole. The fractures In all ot the cylinders were longl- 
tndlnal, beginning at some weak spot near the center and extending 
«lther way, usually branching to two or more bolt holes at the 
IlangeB. 

In this connection It may be ot Interest to notice a test recently 
made in the laboratories of the Case School ot Applied Science ot a 



40 No. 17—STRllNGTH OP CYLINDERS 

gasoline engine cylinder for a Peerless motor car. This cylinder brotke 
around a circumference just above the lower flange when subjected 
to a hydraulic pressure of 1,600 pounds per square inch. The cylinder 
had an internal diameter of 4.25 inches and a shell thickness of S-16 
inch. The flange was 9-16 inch thick. The fracture showed a clean, 
close-grained iron. Assuming a tensile strength of 18,000 pounds' per 
square inch and substituting values, we have c = 0.024. 
The conclusions to be derived from these experiments are: 
First, that when the cylinder flanges are unsupported, the Initial 
fracture will be circumferential and close to the flange at a pressure 
very much less than that determined by the formula: 

2t8 

P = . 

d 

Second, that when the flanges are sufficiently braced to insure longi- 
tudinal fracture, a considerable allowance must be made for bending 
and other accidental stresses. 
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When preparing the third edition of this Reference Series book, a 
considerable amount of matter pertaining directly to general shop 
calculations was added. In order to provide space for this material, 
the chapters on more advanced shop calculations, including Square and 
Square Root, Use of Formulas, and Use of Tables of Sines, Cosines, 
Tangents and Cotangents, were omitted, and are, together with 
additional matter of an advanced nature, Included in Machinebt'b 
Reference Series No. 52, Advanced Shop Arithmetic for the Machinist. 




In the (oilowlng, some of the most common shop subjects requiring 
simple calculations have been treated, and apeclal efforts have been 
made to treat eacb subject as simply as possible, so that the present 
treatise may be of service to those, particularly, who have not pre- 
Tlonsly acquired a great amount of knowledge about handling figures, 
Rnd wbo are not familiar with mathematical expressions and usages. 
In order to Dx the processes and rules more firmly In the reader's mind, 
examples have been given In almost all Instances, and In many cases 
B Dumber of similar examples have been given, so as to permit the 
repetition of the same catculatlon a number of times. Practically all 
formulas have been written out Id words, as Ibis gives a better Idea 
about what the formula actually means, at least to those not familiar 
wltb engineering handbooks. Mathematical signs have also been 
avoided to a certain extent, and the corresponding words have been 
written out in full. In short, all precautions have been taken to pre- 
sent the methods in as plain and simple language as possible. Many 
text-books deal with principles rather than with specific examples, and 
to a person wbo Is not used to solving problems of the kind that are 
met with in the machine shop. It Is often difficult to apply the prin- 
ciples involved to each particular case. The purpose of this booh has, 
therefore, been to select the most common specific cases, and to show 
directly how the principles are applied. 

While the subject In hand has been treated to accommodate the 
requlretnents of those who demand a book that Is plain and simple, 
tt has been necessary to presuppose fundamental knowledge In regard 
to the use of numbers in calculations, that Is. the reader must be 
fairly competent to add, subtract, multiply, and divide whole numbers 
end decimals, and also have some fundamental Ideas of the use ot 
common fracttona.* I( such knowledge has been acquired, no dlfBculty 
will be experienced In making use of the rules and formulas given. 

It Is assumed that the reader Is familiar with the common mathe- 
matical signs, 4- (plus) which signifies addition, — (minus) which 
Bignlfles subtraction, x (times) which signifies multiplication, and 
-i- (divided by) which signifies division, as well as wltb the sign ^ 
(eqnsls) which Is put between quantities which are equal to one an- 
other to signify this condition. But it may bo appropriate to call 
attention to the different methods commonly used for indlcallng divi- 
sion, as these may not be clear to all. Usually, as we already have 
said, in arithmetic, division is indicated by the sign ^. so that we 
have, for Instance, 

12-^3=4. 

A more common method In engineering books, however, Is to simply 

I. (H?e MilCBIMKBT'll JIe SbMts Nm. 
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H fraction and the divisor aa 



3 

In that caae the fraction Indicates a division. Tiita system will he 
followed in many of the following formulas, and it should therefore bo 
remembered that the line bettceen the numerator and denominator in 
a fraction alioaj/s indicates a division, Ihe numerator to be divided by 
the denominator. 

The actual division, however, is not necessarily worked out in every 
case where division Is thus Implied. When two divisions are mulil' 
plied togetlier, cancellation and the followine operations of addition 
or subtraction may make tlie actual numerical worli very simple. 

Although knowledge of common fractions is presupposed. It may 
be well at this point to repeat the rules for multiplication and divlsloD 
of common fractions, as In the following many operations of this kind 
must be made. Two fractions are multiplied by multiplying numera- 
tor by numerator and denominator by denominator, (numerofor being 
the upper, and denominator tbe lower quantity in a fraction). For In- 
Etatice, let it be required to multiply 14 by %. We have then. 



If the numbers to be multiplied contain whole numbers, these are 
flrst converted Into fractions. Let It be required to multiply 1% by 
3M, We have then, 

1 1 5 13 G5 1 

1 — X3— = — X— = — = 4 — 

4 4 4 4 16 16 

Division is simply the reverse of multiplication. The number which 

Is to bo divided Is called the dividend, and the number by which we 

divide is called the divisor. If one number la to be divided by another, 

we simply Invert the divisor, and proceed a/ in miiltlpUcalion. To 

Invert the divisor means that we place the denominator as numerator, 

and the numerator aa denominator; for Instance, 3/8. Inverted, is 8/3. 

Suppose that we wish to divide 3/4 by 7/16. We have then, 

3 7 3 16 48 20 & 



If the numbtr to be divided contains a whole number besides a 
fraction, we first convert this into a fraction, and then proceed as be- 
fore. Suppose that we wish to divide 2^ by 3%. We have then, 
1 3 9 15 9 4 36 3 

4 ' 4 4 4 4 15 60 5 

A parenthesis about a mathematical expression indicates that the 

calculation enclosed by the parenthesis Is to be carried out before tbe 

other calculations in the example; thus, (5 + 3) X S=:13 x 2=:26. 

but 5 + {8 X 2) = 6 + 16 = 21. 
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In all circular or rmmd pieces ot work, the expressions "taper per 
■ Incb" and "taper per Foot" mean the taper on the diameter, or the 
^difference between the smaller and ihe larger diameter of a piece, 
red one Inch or one foot apart, as the case may be. Suppose 
It In Fig. I that the diameter at A is one inch, and the diameter at B, 
one and one-half Inch, and that the distance or dImenHion between A 
■nd B la 1£ Inches or one foot. This piece, Ihen. tapers one-half Inch 
per foot, because the difference between the diameters at A and B la 
one-half Inch. In Fig. 2, the diameter at C Is 7/16 Inch, and at D, 1/2 
Inch, and the distance between C and D is one Inch, This piece, there- 
fore, tapers 1/16 inch per inch. Tapers may also be expressed tor 
other lengths than one inch and one toot. In Fig. 3, the diameter at E 
Is 1 1/8 Inch, and at P. lB/32 Inch, and the dimension from E to F la 
5 incbea. This plice of work, therefore, tapers 5/32 inch In 5 inches. 
the difference between I 9/32 and 1 1/8 being 5/32. 

If the taper In a certain number of Inches is known, the taper In 
t Inch can eaelly be found. If the taper In 5 Inches U 5/32 Inch, the 
tAper In 1 Inch equals the taper In 5 Inches divided by b, or. In this 
case, 5/32 -T- 5 ^= 1/32, which is the taper per Inch. The taper per 
foot (a found by multiplying the taper per Inch by 12. In this case. 
the taper per foot equals 12 x 1/32 =^ 3/8 inch. The length of the 
work le aliraya measured parallel to the center line (ails) ot the 
work, and never along Ihe tapered surface. 

The problems met with In regard to figuring tapers may be of 
three classes. In the first place we may have given us the flgures for 
the large and small ends of a piece of work, and the length of the 



work, as In Fig. 4. and we 
second place we may know the 
work, and the taper per foot. 
diameter at the other end of 
know the required diameters a 
per foot, ae In Fig. 6. and we ' 



taper per foot. In the 
diameter at one end, the length of the 
iE in Fig. 5, and we want to Snd the 
he work. In the third place we may 
; both ends of the work, and the taper 
.■ant to find the dimension between the 



given diameters, or the length of the piece. We will noi 
of Ibeee problems In detail. 

1. To find the taper per fool when the diameters at the large and 
tmall endM of the mork. and the length, are given. 

Referring to Fig. i, the diameter at the large end of the work is 2 5/8 
Inches, the diameter at the small end, 2 3/16 leches, and the length 
of the work 7 inches, The taper In 7 inches Is then equal to the 
difference between 2 5/S inches and 2 3/16 Inches, or 7/lS Inch. The 
taper In one Inch equals T/16 divided by 7, or 1/16 Inch; and the taper 
per foot Is 12 times the taper per inch, or 12 times 1/16. which equals 
3/4 inch. The taper per foot in Fig. 4, then, equals 3/4 Inch. 
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If the dimension between the small and the large diameter la oot 

eiprcBsedln even Inches, but Is 5 3/16 inches, (or instance, as In 

Fig. 7, the procedure la esactly the same. Here the diameter at tbe 
large eod Is 2.216 Inches and at Che small end 2 Inches. The taper 

In B3/16 Inchea fa, therelore, 0,216 Inch. This Is divided by 5 3/lG 
to flnd the taper per Inch. 



0.210-^5- 



= 0.216 X— = 



0.0416. 



The taper per Inch, consequently equals 0.04IS inch, and the taper 
per foot Is 12 times this amount, or almost exactly ^ Inch. 
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Expressed as a formula, If all dimensions give 
previous calculation would take this form: 



taper per foot = — 



large dla. — small dla. 



-X12. 



length of work 

It makes, of course, no difference K the large and BmaU diameters are 
measured at the extreme ends of the work or at some other place on 
the work, provided the length or distance between the points where 
the diameters are stven, Is stated. In Fig. S, the smaller and larger 
diameters are given at certain distances from the ends of the work, 
but the dimension from O to H la given, and the calculation Is exactly 
tbe game as If the work were no totiget than between O and H. Tha 
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dfowlDg ezampleB will tend to sbow bow tbe Bgurlng of the taper 
per foot entere in actual shop work. 

Example 1.— Fig. 9 shows the blank for a taper reamer. Tbe diam- 
eters at the large and small ends or tbe Sutes, and tbe length ot tbe 
fluted part, are Btated on the drawing. It Is required to find the taper 
per (not In order to be able to set tbe taper turning attachment ot tbe 
lathe. 

Referrtng to tbe figures given In Fig. S, the difference In diameters 
at the large and small ends ot tbe taper la 15/64 Inch. This divided 
by tbe length ot tbe Qute, 7^ Inches, gives us tbe taper per Inch. 
This we And to be 1/32. Tbe taper per foot Is 12 times the taper per 
inch, or, In this case, then, % inch. Tbe taper attachment of the 
lathe Is, therefore, set to tbe %-lnch graduation, and the taper turned 
win he according to the diameters given on the drawing. 

Example 2. — Fig. 10 abows a taper clamping Iwlt. entering into Uie 
design of a special machine tool. As seen from the cut. the drawing 




FlBH 



i:allB lor a diameter of 2'^ Inches a certain distance from the large 
end of the taper, and for a diameter of 2.642 Inches a distance 4 Inches 
further down on the taper. The taper In 4 Inches Is then 2% Inches 
minus Z.642 inches, or 0.333 Inch, The taper in one Inch equals this 
divided by 4, or 0.0833. The taper per fool is 12 times tbe taper per 
Inch, or 12 times 0.OS33, which equals one Inch, almost exactly. Tbe 
laper to which to turn the bolt In Fig. 10 Is thus one inch per foot. 

2. // the diameter at one end ot the taper ia given, and afto the 
length of the work and the taper per foot, lo find the diamtler at the 
other end of the work. 

Referring to Fig. 5, the diameter at the large end of the work la 
1% Inch, tbe length of tbe work Is 3>^ Inches, and tbe taper per 
foot is % Inch. We now want to And the diameter at the small end. 
In this case we simply reverse the method employed in our previous 
problems, where we wanted to find tbe taper per toot. In this case 
we know that (he taper per fool Is eiiual to ^ Incb. Tii% ta^ct \a arm 
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Inch muBt be one-twellth ot this, or \ inch divided by 12, wm 
equals 1/lS inch. Now, the laper In Z^ Inches, nblcb we want to 
find In order to know what the diameter Is at tbe small end ot the 
work, muBl be 3H times [he taper tn one inch, or 2'^ times 1/16, 
which equals 7/32. The taper in 3^^ Inches, then, la 7/32 Inch, which 
means that the diameter at tbe small end of a piece of work, 3^ 
Inches long, is 7/32 Inch smaller than (he diameter at the large end. 
Tbe diameter at tbe large end, according to our drawing. Is 1% Inch. 
Tbe diameter at the small end, being 7/32 Inch smaller, is therefore 
1 13/32 inch. 

Bxpreaaed as a formula, the previous calculation would take this 

/taper per foot 



dia. at small end = dia, at targe end - 



13 



- X length of work \ 



It we now take a case where the diameter at the small end Is given. 
as Id Pig, 11, end tbe diameter at the large end Is wanted, the figuring 
Is exactly tbe same, except of course, we add the amount of taper in 
the length of the work to the amalt diameter to find tbe large diam- 
eter. When the large diameter la given, we subtract tbe amount of 




taper In tbe length of the work to find tbe small diameter. This Is 
BO self-evident that no difficulties ought to be experienced on this 



Referring again to Fig. 11, where the small diameter Is given as 
1.636 Inch, the lengtb of the work as 5 Inches, and the taper per foot 
aa ^4 Inch, how large la the large diameter of the work? It the taper 
per toot Is Vi inch, the taper per Inch Is >4 divided by 12 which equals 
0.020S. and the taper in 6 inches coneequently 5 times 0.020S. or 0.104 
Inch. The diameter at the large end of the work, which we are figur- 
ing. Is. then. O.lOi Inch larger than the diameter at the small end. 
Tbe diameter at the small end Is given on tbe drawing as 1.636 inch; 
adding 0.104 Inch to this, we get 1.T40 Inch as tbe diameter at tbe 
large end. 

Expressed as a formula, the previous calculation would take this 



dia. at large end = 



it small end 



/taper per fnot 



X length of work I 



It may again be well to call attention to the tact that it makes no 
difference whether the large and small diameters are figured at tbe 
inds ot the work or at some other points, as long as tbe 
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diameter Lo be found la located at one end of tbe Jeogtb dimenefon, 
and the diameter stated on tbe drawing at the other. Thus, In Fig. 
12 the diameter stated at I Is given a certain distance up on tbe 
taper, nnd the diameter at K. which is wanted, Is not at tbe end of 
tlie taper. But the dimension 5^ Is given between the points / and JT 
where these diameters are to be measured, and in figuring, one may 
reason as it the work ended at / and K, the diameter at / being tbe 
small diameter, the diameter at K. the large diameter, and G^ Inches 
the total length ol the work. Tbe following examples of direct prac- 
tical application to shop work wiil prove helpful in remembering tbe 
principles outlined. 



"T 
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V Example 1. — Fig, 13 shows a taper tap, the blank for which Is to be 
turned. Tbe diameter at the large end of the threaded part is 3^ 
Inches, as given on tbe drawing, the length of tbe thread la GVi Inches, 
and the taper per foot Is % Inch. We want lo And the diameter at 
tbe small end. In order to measure this end end ascertain that the 
tap blank has been correctly turned. 

The taper per foot being 3/4 Inch, tbe taper per Inch Is 3/4 divided 
by 12, or 1/ie Inch. The taper In 6 1/2 Inches is 6 1/2 times the taper in 
one inch, or 6 1/2 times 1/16 Inch, which equals 13/33 Inch. The taper 
In 6 1/2 inches being 13/33 Incb tneans that the diameter at the small 
end of the tap blank is 13/32 Inch smaller than the diameter at the 



k 



large end. The diameter at the small end Is, therefore, 3 3/32 inches. 

Example 2. — Fig. 14 shows a taper gage for a standard Morse taper 
No. 1. Tbe diameter at the small end Is 0,35S Inch, the length of the 
gage part is 2% Inches, and the taper per foot O.SOO Inch. We want 
the diameter at the large end, In the first place In order to know what 
size Block to use for the gage, and later tor measuring this diameter, 
when turned, lo see that the taper turned is correct, 

A taper of 0.600 per foot gives us a taper of 0.050 per Inch, In 
2% Inches the taper equals 2% times 0.050, or 0.119 Inch. This added 
to the diameter at the small end gives us the diameter at tbe large 
856 + 0.119 = 0.475 inch. 



to 



No. 18—SHOP ARITHMB'UC 



Example 3.— Fig. 15 sbows a taper bolt U9ed as a clamp bolt, 
diaraeler 3'A Inches is given 3 iDcbea from the large end o( the taper. 
The total length ot the taper la 10 Inches, The taper is % inch per 
foot. We want to find the diameters at the extreme large and small 
ends of this piece. 

We will first Snd the diameter at the targe end. The taper per foot 
being % Inch, the taper per inch equate 1/32 Inch. The taper in 3 
Inches Is consequentlf 3/32. This added to 3^ Inches will give us 
the diameter at the large end, which Is 311/32 Inchea. 

To find the diameter at the small end. subtract the taper In 10 
Inches, which Is 10 times the taper In one loch, or 10 times 1/32, which 
equals 6/16, from the diameter 3 11/32 Inches at the large end. This 
gives us the diameter at the small end 3 1/33 inches. 

We can alEO find the diameter at the small end wlttaouc prevloual; 
Dndlng the diameter at the extreme large end. The total length ot the 
taper Is 10 Inches, and the dimension from nhere the diameter 3^4 
inches tB given to Lha large end is 3 Inches. Consequently, the dimen- 
sion from where the diameter 3% inches la given to the Email end is 
7 inches. The taper In one inch was 1/32 Inch; in 7 Inches, therefore. 




T/32 inch. The diameter at the small end dl the work Is 7/32 1 
smaller than 3>4 Inches, or 3 1/32 Inches, the same as found previously 
when we figured from the extreme large diameter of the taper. 

3. To find the distance bctioeen two given diametcra on a tapereS 
piece of work, if the taper per foot is known. 

Referring to Fig. 6, If the diameters at both ends of a tapered piece 
are known, together with the taper per foot, it is required to find the 
length of the work. Assume that the diameter at the large end of the 
piece is 1.7B0 inch, and at the small end, 1,400 inch. The taper per 
foot is 0.600 Inch, How long Is tLls piece of work required to be. In 
order to have the given diameters at the ends, with the taper staled? 
We know that Ihe taper per foot Is 0.600 inch. The laper per inch 
is then 0.600 divided by 12, or 0.050 Inch. The difference in diameterB 
between the large and the small ends of the work is 1,750 — 1.400. or 
0.350 inch, which represents the laper in the length of the work. 
Now, we know that the taper la O.OSO Inch In one inch. How many 
Inches does it then require to get a laper of 0.350 Inch? This we. find 
by seeing how many times 0.050 Is contained in 0.350. or, in other 
words, by dividing 0.350 by O.OEO, which gives us 7 as answer, Thi« 
meana that It takes 7 Inches for a piece of work to taper 0.35O Inch. 
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a the taper Is 0.600 per foot. The length of tbe work consequently la i 
7 Inches In the case referred to. 
Expressed as a formula the previous calculation nould take the form: 
dla. at large end — dia. at small end 

length of work =: 

taper per foot ■¥ 12 
Tha taper per foot divided by 13, aa given In the formula above, of 
course simply represents the taper per inch. The formula may there- 
fore be written: 

dia. at large end — dia. at small end 

length of work ^= 

taper per Inch 
A few eiamplee of the application of these rules will make their 
use In actual shop work clearer. 

Erample 1.— A taper reamer, Fig. 16, for standard taper pins, hav- 
ing yi Inch taper per foot, la to be made. The diameter at the large 
end of the flutes ia wanted to be 0.720 inch. The diameter at the point 
of the reamer must be 0.5S0 inch, in order to accommodate the longeat 




^ 
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taper plna of this size made. How long should the Suted part of ths 
reamer be made? 

The taper per foot Is l^ or 0.250 inch, and the taper per Inch, con- 
Bequeotly, 0.250 divided by 12, or 0.020S inch. The taper In tbe lengtb 
of reamer required Is equal to the difference between the large and 
the small diameter, or 0.720 — 0.5S0 equals 0.140 Inch. This amount of 
taper divided by the taper in one inch gives the required length of ths 
flutea. Thus, 0.140, divided by 0.0208 equals S.T31, which represents the 
lengtb of flutes required. This dimension Is nearly 6% Inches, and, 
being a length dimension ot no particular Imporlance, tt would be 
made to an even fractional part of an inch. 

Eramvle 2. — In Fig. 17 Is shown a taper master gage Intended fof ' 
inspecting taper ring gages of various dimensions. The smallest diam- 
eter Of the smallest ring gage ia !?4 Inch, and the largest diameter ' 
of the largest ring gaBe Is 2^ Inches. The taper per foot Is ly^ Inch. 
It Is required that the master gage extends one Inch outside of the ' 
gagea at both the small and the large ends, when these are tested. How 
long should the gage portion ot this piece ot wOTlt taet 
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- X lengtb of work I 



Wben tbe taper per toot and the length of the work are gtven^ 
can calculaic the amount to set over the tatUstock from the following 
formula; 

amount to set ^ , ^ / taper per f oot 
orer tail-stock " ( \% 

Expressed in words, this formula reads; 

To find the amount to eet over the tall-stock when tbe taper per foot 
and the lenglh of the work are known, divide the taper per foot Cy 12. 
mtiUiplj/ the quotient hy the length of the work, and divide the reiult 
by 2. (To divide by 2 Is tbe same as to muUipl; b; %.) 

Owing to the fact that the work is not supported b7 tbe lathe centers 
at its e;(treme ends, but that the lathe centers enter Into the work and 
support It at points a short dislance from the ends, it Is not practicable 
to calculate the amount to set over the tail-stock so definitely that the 
taper can be turned to exact dlmenBlona without a trial cut; but the 
calculation for setting over the tail-stocli gives a close approximation. 
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and when a trial cut on the work has been taken, the final adjustment 
of the tall-stock to obtain the correct taper can be easily made. 
Metbod Used vhen the Diameters at Botb Bnda of a 
Tapered Piece are Known 

It the diameters at both the large and small ends ot work tapering 
for Its mil length, are given, the amount to set over tbe tail-stock can 
be determined without knowing the taper per foot, because all that ta 
necessary to know Is the taper in the length between the centers ot the 
lathe. It, tor instance, the diameter at the large end ot the work la 
I'A inch and tbe diameter at the small end 1<4 Inch, as shown in 
Fig, 19, the amount to set over the tail-stock will he one-half of the 
ditlerence between the large and small diameters, or ^ Inch. When 
the diameters at the large and small ends are known, the following 
formula Is therefore used; 
amount to set over tall-stock i= M; x (large diameter — smalt diameter). 

Expressed In words, this formula reads: 

To find the amount to set over the tall-stock for work taperlne tor 
Its full length, when the diameters at the large and small ends an 
known, subtract the small diameter from the targe, and div4 
remainder by 2. 
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Method Used when Part of the Work Is Turned Straight 
and Part Tapered 

If part of the work Is turned straight and [lari ot it turned tapered, 
as shown Id Fig. 20, tie taper In the whole length of the work must 
be determined, and then the tall-stock set over one-half of this amount. 
In Fig. 20 the work shown Is !•% inch at the small end of the taper. 
It 1b lapered for 4 Inches, and the diameter at the large end of the 
laper Is 1^ Inch. It Is then turned straight for the remaining 6 
inches, the total length being 10 Inches. We must drat find what the 
taper would be in 10 Inches if the whole piece had been tapered with 
the same taper aa now required tor 4 Inches. The taper in 4 inches 
is liX. — l-'S =r ^i inch. The taper in 1 Inch, consequently. Is 1/18 
Inch, and in 10 Inches, 10 x 1/16^ % inch. The amount to set oTer 
the tall-stock is one-half of this, or 5/16 Inch. 

If, In a case as shown in Fig. 20, the diameter at the small end la 
not given, but the taper per foot of the tapered part staled Instead, 
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the taper In the total length oC the work can he found directly; l( th« 
t&per per toot be % Inch, the taper In 10 Inches Is (% -4- 13) X 10:= 
% Inch. (See page 12, Rule T.) The amount to set over the tall-stock, 
consequently. Is G/16 Inch, The following formula Is used when part 
of the work Is turned straight and part tapered: 
/taper per foot 



amoDQt to set _ 
over tail-atook ' 
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- X total length of work I 



work partly lapered 

s total length ot 

:, mutlipl]/ the quo- 



Expressed as a rule, this Formula would read: 

To find the amount to set over the tall-stock for » 
and partly straight, when the taper per foot and I 
the work are known divide the laper per foot hy 1 
tient thug obtained by the total length of the tcorfe. and divide by 2. 

If the taper per foot Is not given. It must be found before using this 
formula and rule. (See page 12. Rule 3.) 

The following examples will help to give a clear Idea of the appli- 
cation of these rules. 

Erampic 1.— The taper pin shown in Fig. 21 la 8 Inches long, and 
tapers ',i Inch per foot. How much should the tall-atock be set over 
when turning this pin? . 

Dividing the taper per foot by 12 gives us 0.0208, Multiplying thla 
figure (which represents the taper per Inch^ by % ^Weft 'a& %.\%% «& 
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the tnper In S IncheB. Dividing this by 2 gives ua the amount reqnlrad 
to sol over the tall-stock. Thla amount then is 0.083 Inch. 

Example 2.— Another taper pin. Fig. 22, is 1 Inch In diameter at the 
targe end, and 13/16 Inch ai the small end. How much should the tall- 
Btock be set over for turning this pInT 

The total taper of thle pin Is found by subtracting the diameter at 
the small end. 13/16 Inch, from the diameter at the large end, 1 inch. 
ThlB gives ua a remainder of 3/16. One-hair ol this amount, or 3/32 
Inch, representB the amount which the tall-stock should be set over. 




Example 3. — A taper gage, as ehown In Fig. 23, Is to be turned 'bj 
setting over the tall stock. The diameter at the large end of the taper 
la 2^ inches, the diameter at the small end Is 1% Inch, the length ot 
the taper, 8 Inches, and the total length, 12 Inches. How much should 
the tall-stock be set over? 

Subtracting the diameter at the small end, 1% Inch, from the diam- 
eter at the large end, 2"A Inches, gives ns a taper of ^ inch In S inchea. 
Dtvtding ',6 by 8, gives us the taper In one Inch, which Is 1/16 inch. 
Multiplying this by the total length ot the work, 12 inches, gives us 
% Inch, which, divided by 2, gives us, Qnally, the required amount 
which the tall-atock la to be set over. This latter is, therefore, set over 
% inch. 
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The cutting speed of a tool Is the distance In feet which the ^ 
point cuts In one minute; thus, If the point of a lathe tool e 
measured around the work, on the surface ot a casting turned In tlie 
lathe, in one minute, we say chat the cutting speed Is 40 feet per 
minute. 

On the planer, the cutting speed is equal to the length of cut that 
would be taken in one minute, it a cut 12 feet long Is taken in 20 
seconds, then, as 20 seconds Is one-third ot a minute, a cut 36 feet long 
could he made with the same speed In one minute, and the cutting 
speed Is 36 feet per minute. 



CUTTING SPEEDS AND FEEDS 
When drilling a bole tn the drill preas. the cutting speed Is the numl 
ber of feet that the outer comers o( the cutting edges travel In onef 

minute. 

Cutting Speede in the Latbe. Borlns and TuraiDg- 
Mill and Drill Preaa 

The problems in regard to cutiing Bpeeds In the lathe or turning | 
and boring mil) may be'dlvlded in two groups. 

1. The diameter of the work turned in a lathe or boring mill an* 
the required cutting ipeed are known. How many revotuUons per min- 
ute should the work maker 

Assume that the diameter ol the work Is 5 Inches, and the required 
cutting speed 40 feet per minute. When the diameter of the worlt is 
ImowR. Its circumference equals the diameter limes 3,1416, Therefore 
the circumference of the work tn this case Is 5 X 3.1416 = 15.708 inches. 
For calculations of this character it will be near enough to say that 
the circumference is 15.7 Inches. For each revolution of the work, the 
length Of its circumference passes the tool point once; thus for each 
revolution, a length of 15.7 inches passes the tool. As the cutting 
speed is expressed in feet, the length K>.7 Inches should also be ex- 
pressed in feet, which Is done by dividing by 12, thus obtaining 15.7 -i- 
12^1.308 foot, as [he circumference of the work. The next question 
is. how many revolutions, each equivalent to 1.30S foot, does It require 
to get a cutting speed of 40 feet. This we get b; finding how many 
limes i,30S Is contained In 40. or. in other words, by dividing 40 by 
1.30S. The quotient of this division Is 30.6. Therefore. 30.6 revolu- 
tions per minute, are required to obtain a cutting speed of 40 feet per 
minute tn this case. 

This calculation Is expressed by the formula: 

cutting speed in feet per n 
revolutions per minute = 
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(diameter of 
work in inches '^ 

If instead of turning work Q Inches In diameter, a hole 5 Inches in 
diameter Is to be bored by an ordinary forged boring tool or a tool 
Inserted into a boring bar, and the cutting speed Is required to be 40 
feet per minute, the calculation for the revolutions per minute is car- 
ried out In the same manner as mentioned before, and the same for- 
mula Is used, except that In the formula we write "diameter of hole 
to be bored In inches" Instead of "diameter of work In Inches." 

For work done In tbe drill press, the formula can also be used by 
substituting "diameter of bole to be drilled In Inches" for "diameter 
I of work in inches." 

2. The number of revolution! whirk the work makes in a lathe or 
^ boring mill, and the diameter are knoton. What is the cutting speed? 
A brass rod one inch in diameter Is being turned. By counting the 
jnumt)er of revolutions of the spindle of the lathe by means of a speed 
Indicator (instrument for counting the number of revolutions of re- 
lolving shafts or spindles) it is found that tbe work revolves 38a 
^volutions per minute. To And tbe cutting speed, the clTcumtBiiiiicsi 
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Ot the n-ork la firat Qgured and changed Into feet. The clrcumte^So? 
In inches Ib 1 x 3.1416 = 3.141S, and 3.141S -r- 12 = 0.262, the circum- 
ference in [eet, or tlie distance passed over by the tool point tor each 
revolution. During 3S2 revoiutlons. tbe distanc^e passed over ia 381 
0.263 = 100 feet, which tbus is the cutting apeed per minute. 
This calculation is eipreaaed by the formula: 
cultlM .p..d in ^ dla.m.ork In laoteax 3.1116 ,„ 
teet per minute ,, ^ per minute 

If in this formula "diam. of work In inches" Is suhstltuted by "diam- 
eter of bared or drilled hole in Inches," the formula can be used for cut- 
ting speeds of drills and boring tools also. 

(If the cut taken on a piece being turned is deep In proportion to 
the diameter of tbe work, it Is preferable In calculations for the cut- 
ting speed and revolutions per minute to consider the mean diameter 
of the cut Inatead of tbe outside diameter of the work, and use the 
value for the mean diameter in the formulaa given. When the outside 
diameter and the depth of the cut are known, ttfe mean diameter 
equals the outside diameter minus tbe depth of cut.) 
Cutting Speeds ot UilllnK Cutters 

The cutting speeds of milling cutters can be calculated when tbe 
diameter ot the cutter and the revolutions per minute are given. For 
Instance, tbe diameter of a cutter Is 6 inches and It makes 40 revolu- 
tions per minute. To And tbe cutting speed in feet per minute, first 
find the circumference of the cutter; thus. 6x3.1416 = 18.8496, or 
about 18.8 inches; change this to feet: thus. 18.8 -v- 12 = 1.566 feet. As 
the cutler makes 40 revolutions per minute, tbe cutting speed Is 40 X 
the circumference, or 40 x 1.566:= 62.64 feet per minute. 

If, in the formula Just given above, "diam. o( work In Inches" 
1b substituted by "diameter of cutter," this formula can be used for 
finding the cutting speed ot milling cutters. 

If the required cutting speed of a cutter Is given and lis diameter 
known, and the number of revolutions at which It should be nin la 
to be fcund, the formula on page 17 can be used, in this case, also, of 
course, "diameter of work In Inches" being substituted by "diameter 
of cutter." 

Rules tbr CalculBtlDS' Outtinar Speeds 

1. To flnd ttie number of revolutions per minute when the diameter 
of the work turned, the hole drilled or bored, or the milHng cutter 
used, in inches, and the cvttiiti/ speed in feet per minute ore given, 
multiply the diameter b]/ 3.1416 and divide the result by 12. Then 
iivide the given cutting speed by the quotient thus obtained. 

3. To find the cutting speed in feet per minute when the diameter 
of th(! work to be turned, the hole drilled or bored, or (he mittinff cut- 
ter used is given in inches, onii the number of revolKtiona per minute 
are knoicn. multiply the diameter by 3.1416 und divide the resut t By 
13. Then multiply the qitollcnt thus obtained by the n\ 
lutions per minutr. 
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Average Cutting Speeds 

The cutting speed to use when cutting metala depends primarily 
■upon the kind of tool used and the metal being cut. It is not possible 
to Htate exactly what the correct speed would be tor all different cases, 
but the speeds In the table below are given as embodying good average 
practice wben ordinary carbon stoel tools are used. 

For liisb-Bpeed steel tools, these speeds may be doubled. In start- 
ing bfgh-speed steel drills, a cutting speed of about 50 to TO feet per 
mlnule, for machine steel, GO to SO feet per minute for cast Iron, and 
100 to 140 feet tor brass, is recommended. When a few holes have been 
-drilled ai these speeds, still higher speeds may be employed. 
Feed of Cutting Tools 

The feed of a lathe tool is its aidewlse motion (traverse) for each 
revolution of the work; thus, if the feed is 1/32 inch tt means that for 
•each revolution of the work, the lathe carriage and tool move 1/32 
loch along the lathe bed, thus cutting a chip 1/32 lueh wide. 

The feed of a drill In the drill press Is the downward motion of the 
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drill per revolution. The teed of a milling cutter is the forward move- 
ment of the milling machine table for each revolution of the cutter. 

Sometimes the feed Is expressed as the distance which the drill or 

the milling machine table moves forward in one minute. In order to 

Avoid contusion. It Is. therefore, always best to state plainly In each 

*ase whether feed per revolution or feed per minute is meant. 

Time Required for TurolDgr Work In iha Latbe 

The moat common calculations In which the feed of a lathe tool 
enlera is the time required for turning or boring a given piece of work, 
when the feed, cutting speed and diameter of work (or the number 
of revolutions per minute) are known. 

Assume that a tool steel arbor, 3 inches in diameter, la to be turned. 
The length lo be turned on the arbor (the length of cut) is 10 inches. 
The flitting speed Is 2S feel per tnlnute and Ihe feed or traverse of 
the cutting tool is 1/32 inch per revolution. How long a time would 
it require to take one cut over the surface of the work? We flrst And 
the number of revolutions per minute of the work, which equals 



25 



= 47.7. 
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Ab the tool Feeds forward 1/32 Inch tor each revolution of the work, 
It is tod forward 47.7 X 1/32 or 1.49 inch In one minute. The time re- 
quired to traverse the whole length oT the work, 10 iocheB, !e obtained 
by finding how many times 1.49 Is tontained in 10, or, in other words, 
by dividing 10 by 1.4S. The quotient or this divisioQ Is 6.71 minutes. 
It would thus take 7 minutes, approilmately, to traverse the work once 
with the cutting speed and feed given. ' 

Expressed aa a formula the calculation takes this form; ^^_ 

length of cut ^^H 



/. per min. x feed per revolution ^^^| 

Expressed as a rule the formula would be: 

To find the time required to take one complete cut over a piece of 
work in the lathe tchen the feed per revolution, tjie total lenoth of cut. 
and tlte nuvibeT of revolutions per minute are given, divide the total 
length of the cut 6y the number of revolutions per minute multiplied 
tty the feed per revotvlion. 

If the cutting speed and diameter of work are given instead of the 
number of revoiutions, first find the revolutions per minute before 
applying the formula or rule above. (The number of revolutions per 
minute is found by Rule 1 on page Ig.) 

When the feed per revolution la known, the feed per minute equals 
the revolution per minute times the feed per revolution. 



CHAPTER IV 



SCREW THREADS AND TAP DRILLS ^^ 

The terms pileh and lead of screw threads are often confused. The 
pitch of a screw thread is the distance from the top of one thread to 
the top of the ne:(t thread, as shown in Fig. 24. No matter whether 
the screw has a single, double, triple or quadruple thread, the pitch 
la always the distance from the top of one Ihreaa to the top of the 
next thread. The lead of a screw thread is the distance the nut will 
move forward on the screw, if it la turned around one full revolution. 
In the iingle-threaded terete, the pitch and lead are equal, because the 
nut would move forward (he distance from one thread to the next, If 
turned around once. In a double-threaded screw, however, the nut will 
move forward two threads, or twice the pitch, so that in a double- 
threaded screw, the lead equals twice the pitch. In a triple -threaded 
screw, the lead equals three times the pitch, and so forth. The lead 
may also be expressed as being the distance from center to center of 
the same thread, after one turn, as indicated in Fig. 25, which shows 
the pitch and the lead for three screws with Acme threads, the Brst 
single-threaded, the second double-threaded, and the last, triple- 
threaded. In a single- threaded screw, the lead is the distance to the 
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next tbread from tbe one flrat considered. In a double -threaded screw 
tbere nre two threads runolng side by side around tbe screw, so that 
Ibe lead Is here the distance to the second thread from the one first 
considered. In a triple- threaded screw, it Is tbe distance to the third 
thread, and so lorth. 

The word pitch Is often, though Improperly, used fn tlia shop to 
rtenote number of (ftreofis per inch. We hear of screws having 12 




pitch tbread, IG pitch thread, when 12 threads per Inch and 16 threads 
per inch is what Is really meant. 

The number of threads per Inch Is the number oC threads counted 
In tbe length of one Inch, If a scale Is held against the side of the 
screw, and the threads counted as shown in Fig. 2tj. It there Is not a 
%vhole number ot threads In one Inch, count the threads in two or more 
Inches, until the top ol one thread comes opposite an Inch-mark, and 




then divide by tbe number of Inches to And the number ot threads In 
one inch, as shown In Fig. 27. 
The number of threads per inch equals 1 divided by the pitch, or 

expressed as a formula: 

1 
number of threads per lnch = 
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crew equalH 1 divided by tbe number of threads per " 



pitch — 

number of threads per Inch 

Thua. If the number of threads per inch equals 16, the pitch equals 
1/16. It the pitch equals 0.05, the number of threads per inch equals 
I -^ O.OS = 20. It the pitch equals 2/5 Inch, the number of thread* 
per inch equals 1 — 2/5 ^2^4. 

ContuEion is often caused by Indefinite designation of multiple-thread 
(double, triple, quadruple, etc.) screws. One way of expreSElng that 
a double'thread screw is required Is to say, for inetance: "3 threads 
per Inch double." which means that tbe screw Is cut with "i double 
threads, or 6 threads per Inch, counting the threads by a scale placed 
alongside of the screw, as shown in Fig. 26. The pitch of this screw 
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thuB Is 1/6 Inch, and the lead twice this, or 1/3 Inch. To cut thl» 
acrew, the lathe will be geared to cut 3 threads per Inch, but tbe thread 
will be cut only to the depth required for 6 threads per Inch. "Four 
threads per Inch triple" means that there are i times 3. or 12 threads 
along one inch of the screw, when counted by a acate; the pilch of the 
Bcrew Is 1/12 inch, but being a triple screw, the lead of the thread Is 
3 times the pitch, or % inch. 

The best way of expressing that a multiple-thread screw is Co be cut, 
when tbe lead and ihe pitch have been flgured. Is, for example: "1/4 
Inch lead, 1/12 Inch pitch, triple thread." In the I'Bse of single-threaded 
jirews, the number of threads per Inch and the (orin of tbe thread 
only are given. The word "single" Is not required. 

There are three standard threads in common use in American sbopa. 
These are shown in Fig. 2S, and are the United States standard thread, 
tbe Bburp V-thread. and the \ctne at«,nd«.Ta i.tiTea4. 
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a Standard Thread 

This thread is the most tommoiily used thread form (or all ordinary ' 
acrewB. The thread is provided with a small flat at the top and at 
the bottom oC the thread, as shown in the illustration to the lett In 
Fig. 28. 

The depth of the United States (U.S.) standard ^thread equals ^ 
0.S495 X pitch. The width of the flat oF the thread at the bottom and < 
top equals % X pitch. The root diameter la round by subtracting two 
times the depth or the thread from the outside diamsler of the screw. 

IThe root diameter of a screw thread Is the diameter at the bottom 
of the Ihread. aa ahown In connection with the V-thread In Fig. 24.] 
Standard Sbarp V-Tbre&d 

This thread has no flat at the top or at the bottom, but the aides of 
the thread form a sharp point, as ehown in the Illustration, Fig. 28. 
The depth of the thread equals D.S6S x pitch. The root diameter' la \ 




Acme Standard Thread 

The form of the Acme standard thread la shown to the right In Fig. 
as. The depth of the thread equala Vi x pitch + O.Oli) Inch. The flat 
at the top of the thread equals 0.3707 X pitch. The width of the flat 
ai the root of the ihread equala 0.3707 X pitch ^ O.00B2 Incli. Tha 
root diameter of (he thread, of course. Is found as before, by subtract- , 
Ing two times the depth of the thread from the ouialde diameter o( 
the screw. 

Tap Drill Sizes 

The tap drlUa used for drilling boles previous to tapping are usually ^ 
somewhat larger in diameter than the root diameter of the thread. 

The tap drill diameter for ordinary work for the United States stand- 
ard thread equals the root diameter + (14 x pitch). 

The lap drill diameter for sharp V-tbread equals the root diameter 
of the Ihread + (14 X pitch). 

The tap drill diameter for Acme standard thread equals the root ^ 
diameter + 0.020 inch. 

A table of double depths of threads tor U. S. and sharp V-threads Is 
given on the following page. The figures in this (able opposite any , 
given number of threads per Inch are simply subtrai!ted from the 
side diameter of the screw, to obtain the root a\a.tne\.eT. 
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would turn 5 times while the e^ar on D turned once, aa long as the 
number ot teeth In tbe gear on D la 5 times the number of leeth Id 
Ihe gear on C, 

In order lo prove this, let us assume tliaC In Fig. 3S, the gear on 
rtud C has 20 teeth, and the gear on stvid D, 100 teeth, so that con- 
sequently tbe stud C makes & revolutions, while stud D makes one. 




Fie, 



The Intermediate gears, E. F, and O. have 50, 40, and 40 teeth, respec- 
tively, aa shown In the cut. Now, when (he gear on D turns around 
once, the gear O must turn 2i^ times (100/40=: 21^). The gear F. 
having the same number of teeth as gear G, makes one revolution 
while G makes one, and consequently also turns 2?^ times while the 
gear on D turns once. The gear on E, having 50 teeth, turns 4/5 of a 




I 

^^K revolution while gear F i 

^K^ while F makes 2 1/2 revaiutions, gear i 

^M = 2 revolutioaa. Thus E turns twii 

^B volves once. Finally, tbe gear on C 

■ Uon of gear B (50/20 = 2 1/2), or 5 
H 'oIutloDS of E correapoad. && v^ 



(40/50^4/5), and (.onsequentl;. 
■ makes 2 1/2 x 4/5 = 5/2 x 4/fc 
B while the gear on stud D re- 
urns 2 1/2 times to each revolu- 
Imes to 2 revolutions o( £. But 
b&NQ saen. to one revolution of 
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^^^^B^ on stud D; consequently, the ?ear on stud makes 5 revolu. 

^^^^p one at the gear on stud D, wblch, as we previously said, is also 

^^^Hpa II these two gears had been connected directly without any 

^^^medlate gearing. 

Ttae intermediate gears, however, affect the direction In which the 
gear on D revolves. In Fig. 29, when the gear od B revolves in a 
right-hand direction (In the same direction as the hands of a watch), 
the gear on A, which Is driven by It, will move in a left-hand dlrei;- 
lion (in B direction opposite to that oC the hands of a watch. Thus 
when there is no intermediate gear, the driving gear and tiie driven 
gear revolve in opposite direcllons. In Fig. 30, again, the gear on C 
moves In a right-hand direction, the gear on F in a left-hand direction, 
and the gear on D in a right-hand direction, so that in ibis case both 
the driver on C and the driven gear on D move in llie same direction. 

If there be two Idlers, as shown in Pig. 31, the speed ratio between 
the shafts C and D still remains the same as before, but II will be seen 
from the arrows indicating the directions la which the different gears 
revolve, Ihat in this case, the driver on C and the driven gear on D 
move In opposite direcllons. The use of two Idlers, therefore, makes 
the driven gear run In tha same direction as if there was no Idler be- 
tween the gears on C and D, If there were three Idlers the gears on 
and D would run In the same direction, and If there were four Idlers, 
ihey would run In opposite directions, and so on. 

Oears Required tor a Olven Speed Batlo 
If we have two gears A and B, as shown in Pig. .13. and the ratio 
of the speed of gear A to the speed of gear B and the number of teeth 
In one of the gears are given, the number of teeth required In the other 
gear can be determined; and if the ratio only is given, the number of 
teeth In both the gears can be found. 

Assume that the ratio of the speed of gear .1 to gear it Is 1 to 4. 
This means that gear A revolves once while gear B revolves tour times. 
If there be SO teeth In gear A. gear B must have one-fourth of tlilB 
number, or 20 teetb. Had the speed ratio been 2 to G, tben It gear A 

2 
bad 60 teeth, gear B would have — X 50 = SO teeth. From this we 

may formulate the following rule: 

If the «pr'cd ratio of the driving gear to the driven gear and the 
number of teeth in the driving gear are given, the number of teeth in 
the iJriven gear may be fvund by multiplving the number of teeth in the 
driving gear by the speed ratio, written aa a fraction. 

Assume, for Instance, that the siieed ratio of gear A to gear B Is 3 
to ij, and that the number of teeth in gear A is GO. Writing the speed ^ 
ratio as a fraction gives ns 3/^. and this multiplied by <!0 gives us 36, ] 
which is the number of teeth in the gear B. i 

Note that when the speed ratio of gear A to geir B Is given, we ' 
ranltlply the number of teeth in gear A with the speed ratio written 'i 
as a fraction, to get the number of teeth In gear B. But tt the qu.kAiict 
of teetb In gfar B is given, and the numbiT ol letirti. Ui seai i. \» M* 
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The rfvoHUons per minute of the driven gear eqtials the revolutions 
per minute of the drivirm gear, times a fraction, the numerator of 
ichich is made up of the product of the numbers of teeth in the driving 
gearg, anA the denominator of the product of the numbers of teeth <n 
the driven gears. 
ThiB rule can be wriUen as a formula as below; 

product of teeth 
rev, permin. _ rev. per tDin. In dri ving g e ara 

of driven gear ~ of driving gear ^ product of teetb in 
driven gears 
This tormula can be used whether there be one or more sets of Inter- 
mediate gears. 

Assume that gear A In Fig. 34 baa 40 teetb, gear B. 24 teeth, gear C, 
GO teeth, and gear □. 26 teeth. Then It gear A makes 30 revolutions 




Fl». 



per minute, how many revolutions does gear D make? Using tbe 
formula Juat given we have: 

40 X 50 

rev. per mln. ^30 X t=]00. 

24 X 26 
The revolutions per minute made hy gear B may be found from the 
Bsme formula by leaving out the numbers of teeth ot gears C and D. 



. per min. - 



40 
:30 X— = 



It the numt>ers of revolutions of the driving gear A and the drivoo 
gear D are given, the numbers of teeth required in the four gears ot a 
compound gearing that will transmit motion at the required ratio, can 
be found. 



LATHE CHANGE GEARING 

AMume that gear A. Fig. 34, makes 36 revolutions per minute and ' 
that It Is required that gear D should make 56 revoiutlons. Tbe speed 



ratio Is then - 



U 



(See page 29.) 



To find the gears required, write the ratio ot the speed of the driving 
gear to the driven gear as a fraction, divide the numerator and denomi- 
nator in (too factors, and multiply each "pair" of factors by the aame 
number until gears with suitable numbers of teeth are found. (One 
factor In the Dumerator and one In the denominator make "one pair.") 
In this example 

8 3X3 (3 X20) X (3 X !0) 60x30 

14 2X7 (2 X 20) X (7 X 10) 40 X 70 
The gears in the numerator, with GO and 30 teeth, are the driven 
gears fgears B and D. Fig. 34), and the gears in the denominator, with 
40 and 70 teeth, are the driving gears (gears A and C. Fig. 34). 
The calculation may be expressed in a formula as foiloivs: 
ratio otspeed of the product ol teeth in driven gears 

flret driving gear to = 



I WhUe 



the last driven gear product of teeth in driving gears 
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LATHE CHANQE GEARING 



; the principles and rules governing the calculation of change 
gears are very Bimple, they, of course, preauppoae some fundamental 
knowledge of the use of common fractions. If such knowledge is at 
hand, the subject of figuring change gears. If once thoroughly under- 
stood, can hardly ever be forgotten. It should be Impressed upon the 
minds of all who have found difficulties with this subject that the mat- 
ter 1b seldom approached in a logical manner, and is usually grasped by 
the memory rather than by the Intellect. 

When cutting threads In tbe lathe, tbe lathe carriage is moved 
along the bed by means ot the lead-screw a certain distance while the 
work revolves a certain number of times. If the work revolves 12 
times while the carriage moves one Inch along the bed ol the lathe, 12 
threads per Inch will be cut on the work. 

Change gears are used for transmitting the motion from the sptndle 
(wUch revolves the work) to the lead-screw (which causes the carriage 
to move along tbe bed). The number of times that the spindle will 
revolve while the carriage moves one Inch along tbe lathe bed is de- 
termined by th? ratio of the change gears. By employing different 
ratlofl of change gearing, therefore, different numbers of threads ner 
" Inch can be cut. 
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LATHE CHANGE GEARING 
deoomfnator the number of teeth in the gear on the lead-screw. 
rule can be more easily remembered If written aa a formula; 

lathe screw constant teeth In gear on spindle stud 



threads per Inch to be cut teeth In gear on lead-screw 
i that 10 threads per Inch are to be cut In a lathe where we 
have found that the lathe screw constant is 6. Also assume that the 
numbers of teeth Id the available change gears of this lathe are 24, 2S. 
32, 38, 40, etc., tncreaalng by 4 up to 100. By substituting the Bgurea 
given, in the formula above, and carrying out the calculation, we have: 



SX4 



10 10 X 



By multiplying both numerator and denominator by 4 we obtain two 
available gears with Z4 and 40 teeth, respectively. The 24-toath gear 
goes on the spindle stud, and the 40-tooth gear on tbe lead-acrew. 11 
will be seen that it we had multiplied 6 and IQ by R, we would have 
obtained 30 and BO teeth, which gears are not available in our set of 
gears with this lathe. Until getting accustomed to figuring of this 
kind, one can find, by trial only, the correct number by which to 
multiply the numerator and denominator. The trials must be kept 
up until both gears have such a number of teeth that they are to be 
found in the set of change gears accompanying the lathe. 

Aasume that it is required to cut 11^ threads per inch in the same 
lathe having the same set of change gears. Then 



6X8 



11^^ nVi X 8 92 

it will be found that multiplying by any other number than S would 
not, in tbls ease, give numbers of teeth that could be found in the 
gears with the lathe. [In order to prevent mistakes, be sure to note 
that tbe lathe screw constant differs for dilferent makes and sizes of 
lathes and must be determined for each particular latbe.] 
Compound Q earing: 

Bomellmes It Is not possible to obtain gears that will give the re- 
quired ratio for the thread to he cut in a simple train, and then com- 
pound gearing must be employed. The method tor Bndlng the number 
of teeth In the gears In compound gearing Is exactly the same as for 
simple gearing, except that we divide both numerator and denominator 
o( the traction giving the ratio of screw constant to threads per inch 
to be cut, into two factors, and then multiply each "pair" of factora by 
ihe same number. In order to obtain the change geara. (One factor In 
tbe numerator and one in the denominator make one pair.) 

Assume that the lathe screw constant is 6, that the numbers of teeth 
In the available gears are 30, 35, 40, 45, 50, 55, etc. Increasing by 5 up 
to 100, Assume that It la required to cut 24 threads per inch. We 
have I hen, 

— ^ ratio. 
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By dividing numerator and denominator of the ratio Into two (si.'- 
ors and multiplying each pair of factors by the same number, as shown 

I below, we find the gears: 

6 2X3 (2 X 20) X (3 X 10) 40x30 



24 4XG (■! X 20) X (S X 10) 80 X BO 
The four numbera In the last fraction give the numbers of teeth In 
the gears which should be used. The gears In the numerator, with 40 
and 30 teeth, are the driving gears, and those In the denominator, nlib 
80 and 60 teeth, are the driven gears. Driving gears are, of course, the 
gear D. Fig. 36. on the spindle stud, and the gear P on the infer mediate 
Htud K, meshing with the lead-screw gear. Driven gears are the lead- 
V gear. E. and (lie gear .V on the Intermediate slud mtshlng with 
the aplndle stud gear. Either of the driviog gears may be placed on 
the spindle stud, and either of the driven on the lead-screw. 

Assume that l!Ji threads per inch are to be cut in a lathe with a 
icrew constant B, and that the gears available have 24, 23, 32, 3G, 40 
teeth, etc.. Increasing by 4 up to 100. Proceeding as before we haveir 
B 2X3 (2 X 36) X (3 X 16) 72 X 48 

1% "iXl* ~(1X36) X (IH X16) ~38X28 ' 
This is the case directly Illustrated In Fig. 36. The gear i 
seth Is placed on the spindle stud J. the one with 48 on the Inter- 
mediate stud A', meshing with the lead-screw gear. These iwo gears 
(72- and 48-teeth) are fhe driving gears. The gears wUh 36 and 28 
leelh arc placed on the lead-screw, and on the intermediate stud, as 
shown, and are the drit'cn gears. 

The rule For compound change gears, given as a formula, is as fol- 
lows: 

lathe screw constant product of teeth In driving gears 



threads per Inch U 



product of teeth in drt' 





Frootlanal Threads 
Sometimes the lead of a thread is given as a fraction of an inch in- 
stead ol slating the number of threads per Inch, For Instance, a thread 
may be required to be cut, having ^ Inch lead. In Ibis case the es- 
presslon "% Inch lead" should first be transformed to "number of 
threads per Inch," after which we can proceed to Bnd the change gears 
as explained on the previous pages, Hov/ to find the number of threads 
per Inch when the lead is given is explained in Chapter IV. The 
ber or threads (the thread being single) equals: 

number of threads per Incb 



To find Ibe change gears lo ca\ 2 2/3 threads per Inch In a lathe I 
having a screw constant 8 and change gears running from 24 to IODJ 
teeih, Increasing by 4, proceed as below; 

8 2X4 (2 X 36) X [4 X 24) 72x66 



CHAPTER Vir 



SPEED OF PULLEYS 

Tbe principle applied lo gearing In regard to the ratio between tbe 
speeds o( two Bbafts. may be directly applied to the questloQ of sizes 
of pulleys, with the only dllTerence that we here deal with the number 
at inches to the diameter of tbe pulley instead of tbe number of teeth 
m the gear. 

Assume thai a shaft Is required to malie 300 revolutions per minute, 
and that it is driven from a line-shaft making ISO revolutions per 
minute, as shown in the illustration below. Tbe pulley on the llne- 
sbatt is in place, and is 15 inches in diameter. What diameter should 
the pulley on tbe shaft making 300 revolutlonE per minute be made? 
Aa the belt on the two pulleys runs at the same speed as the periphery 
(circumference) of either of the pulleys, it is clear that the peri- 
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pberleB of both pulleys run at the same speed, providing tliere la no 
slippage between the belt and tbe pulleys. The pulley running a 
smaller number of revolutions must, of course, be larger in order thai 
Us periphery may run at the same speed as tbe periphery of tbe pulley 
making a greater number of revolutions. The circumference of ft 
circle (and, therefore, also tbe circumference of a pulley) equals the 
diameter x 3.141G. Therefore, the circumference of the pulley making 
180 revolutions and having a diameter of 15 Inches, passes, in one 
minute, through a distance equal to 180 times ita circumference, or 
180 X 15 X 3.1416. 

The circumference of the puliey making 300 revolutions must pass 
through the same distance In one minute; therefore, tor Facli revolu- 
tion this pulley must pass through the distance 180 x 16 X 3.1418 
divided by 300, This, then, would equal the circumference of the 
smaller pulley; but tbe circumference also equals the iiameter X 
3.H16. We can therefore write 
180 X 15 X 3.1416 

=:; diameter of smaller pulley x 3.1416 

300 



«8 No- 18—SHOP ARITHMETIC 

sbown the end of ihe table feed-screw, and B la a gear placed o 
feed-screw. Tbls gear is commoTily called the feed-screw gear, aod It 
imparts inotton. through an interioedlate gear B, to the gear C which 
ts placed OD the stud D; from this stad. in turn, motion Is imparted 
br gearing to the worm of the index head and from the worm to tbe 
worm-wheel moimied on the Index head spindle. Tbna, when con- 
nected by gearing In this manner, tbe index bead spindle ma; be 
rotated from the feed-screw. Tbe gear C on the stnd D is called tbe 
"worm gear'*: tbls worm gear abould not be confoaed with tbe worm- 
wheel which Is permanently attached to the index bead spindle. 

In Pig. 38 is shown a case of simple gearing, while in Fig. 39 the 
gears are compounded. In this case B sdil represents the fe«]-MTew 
gear, while E is the gear on the intermediate stud which me«be« 
with B, and F is the second gear on the same Intermediate stad. mesli- 
ing with gear C. The object of tbe calculation Is to 0nd the □nmbera 
of teeth in gears B and C used in a simple train, as In Fig. 38; or In 
tbe gears B. E. F and C as used in a compound train of gears, as 
shown In Fig. 39. 

Tbe L-ead of a HUIId? ttecblso 

If gears with an equal number of teeth are placed Mi the fee*«cr*w 
A and the stud D In Fig. 38. then ihe lead o/ the wniiiag vmcttime \a 
the distance the table will travel white the index spindle makes one 
complete revolution. This distance Is a constant used tn agnring the 
change gears, and may vary for different milling machines. 

The lead of a belli or spiral is the distance, measured shmg the 
axis of tbe work, in which tbe spiral makes one full turn aronad tbe 
work. Tbe lead of the milling machine may, therefore, also be ex- 
pressed as tbe lead of the spiral that will be cot when gears wlUi an 
equal number of teeth are placed on studs .1 and D, and an Idter of 
Butiable size Interposed between the gears. 

To fi>t6 Ihe lead of a miltini; machine, place equal gcart on itiMt D. 
and on teed-$CTcw A. Fig. 38. and mullipl]/ Ihe number 0/ rcroliilioiu 
mode by the Jced-tcrew to produce one revoluttom ot lAe inart lirmd 
tpindle. by the lead of the thread on Ihe ieed-tcrev. 

We can express the rule given as a formula: 

1 J > _iiii_.. rer. of feed-screw for one ,_ . _, 

'"^"'""""S^ revolution of Index >pindle x -Jf^_ 

machine ,,„, ^^j ^^^ feedwre- 

Assume that It Ls necessary to make W revolutions of tbe feedscrew 
to turn tbe Index bead spindle one complete revolution, when tbe gcara 
B and C. Fig. 3S. are equal, and that tbe lead of the thread on tbe 
feed-screw of the milling machine is U Incb: then tbe (e«d of tbe 
machine equals 

40 X "^i Inch -= 10 Inches. 

Cbsos^ Oeara Ear Cutting Spirals 
As has already been stated, the lead of the machine means the dis- 
tance which the table of the milling machine mona forward In order 
tttru the work placed on the Vn&ex. \l««.1 s^lndVe oae complete rero- 



CHANGE GEARS FOR MILLING SPIRALS 
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lutlon wben change sears with an equal number of teeth are used, 
tben, for inBtance, a spiral is to be cut, the lead oC wtalcli is twice aa 
loDg as tbe lead of the machine, change gears of such a ratio must be 
used that the Index head spindle will turn only ane-hatf a revolution 
while the table ntovps lorward a distance equal to the lead of the 
machine. 

Assume that we want to cut a spiral having a lead ol 20 Inches, that 
is, making one complete turn in a length of 20 inches, and that the 
lead of the milling macfaliie Is 10 inches. Then the ratio between the 
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speeds ot the feed-screw and of stud D must be 2 to 1. which meaaa 
that the feed-screw, which is required to turn twice while stud D turns 
once, must have a gear that has only one-half the number of teeth of 
the gear placed on stud D. (See Chapter V.) If the lead of the ma- 
chine 1b 10 inches and the lead of the spiral required to be cut on a 
piece ol work is 30 Inches, then the ratio between the speed of the 
gears would be 3 to 1, which Is the eame as the ratio between Ih^ 
lead of the spiral to be cut to the lead of the machine. (30 to 10^=3 to 
1, or as it Is commonly written 30 : 10 = 3 : 1.) 

Tbe rule tor finding the change g<?ar9 can be expressed by a simple 
formula: 




MILLING MACHINE INDEXING 

The Bgurlng of IndeilDg movements for the dividing head of the 
milling machine Is a subject nhlcb many mechanics think complicated, 
although It is really very simple. Assume that a bolt having a round 
head as shown In Fig, 40 Is required to be milled so that the bend 
becomes hexagonal, that Is. bo that it has six equal sides, ae shown In 
Fig. 41. The index head la used for holding the work and (or turning 
or intiexing It the required amount for milling each of the six flat 
surfaces in turn. The Index head Is constructed with a worm and 
worm-wheel raeehanlam. the worm being on the crank turned when 
Indexing, and the worro'wheet being mounted on the Index spindle to 
which the work is attached. By moving the crank with Its index pin 
a certain number of holes in one of the Index circles, a certain angular 
movement can be imparted to the work. The calculating of Indexing 
movements for the milting machine consists Id finding how much the 




index crank requires to be turned In order to produce the required 
moTement for Indexing the work. 

Calculating tbe Indeilnff Movement 

Most of the regularly manufactured Index heads use a single 

threaded worm engaging with a worm-wheel having 40 teeth. Thus. 

when the Index crank Is turned around one full revolution, the worm 

is also revolved one complete turn, and this moves the worm-wheel 

one tooth, or 1/40 of its circumference. Therefore. In order lo turn 

the worm-wheel and the index eplndle on which It Is mounted one full 

reTolutlon, It is necessary to turn the index crank 40 revolutions. If 

•at to revolve the index spindle one-balt revolution, we would 

> turn the Index crank 20 revolutions. It we want to turn the 

.plndle only one-fourth of a revolution, we turn the index crank 

ilutlons. 

ose that we want to mill the hexagonal head of the bolt shown 

,. 41. Ab It requires 40 revolutions of the Index crank to revolve 

odex spindle once. It evidently requires only 1/6 of that number 

tUm the Index spindle 1/6 revolution; this Is tne amount thai the 

Ilk should be turned around or indexed when one side of the hexagon 

*•. milled, and we are ready to mill the next. Consequently, the 



40 



Uld be turned around - 



6Z/3 r 



volutions for milling 



MILLING MACHINE INDEXING *3 

& beiagon; tliai Is. we first turn the crank 6 tull revolutions and Ibem 
by means of the Index plate we turn It 2/3 at a revolution, ir we use 
the circle in ttie index plate having 18 holes. 2/3 of a revolution will 
mean 12 holes In this circle, as 12 is two-thirds of 18 (12 = 2/3 X 18), 
Assume that a piece of work has eight sides regularlr spaced (reg- 
ular octagon). The Indexlns tor each side is found by dividing W 

40 

by 8. Thus — ^^5. representG the number of revolutions of the Index 

S 
crank for each side lnde:ied and milled. 
Assume that It Is required to cut nine flutes regularly spaced in a 
40 
reamer. The Index crank must be turned — ^44/9 revolutions in 

9 
order to index for each flute. The 4/9 at a revolution would corre- 

8 4 
spond to eight holes In the 18-hole circle, because — ^ — . 
18 9 
Assume that It Is required to cut 85 teeth In a spur gear. The Index 
40 8 
orank must be revolved — ^ — revolutions to Index for each tooth. To 
85 17 
8 
mova the index crank -~ of a revolution corresponds to moving tt 8 

17 
holes In the iT-hole circle. 

As a general rule, for finding the number of revolutions required for 
Indexing for any regular spacing, with any index head, the following 
rule may be used: T'o find the number o/ revolutions of the index 
nrank for indexing, divide the number of turns required of the inde* 
cranfc for one revolution of the index head gpindle Bv ">« number of 
tjivition* required (n the work. 

TMost standard Index heads are provided with an Index plate fastened 
directly lo the Index spindle for rapid direct indexing. This Index 
plate ts usually provided with 24 holes, so that 2. 3, 4. 6, S. 12 and 24 
tilvtsloQs can be obtained directly by the use of this direct Index plate 
without using the regular Indexing mecbanlam. When using this Index 
Diate tor rapid direct Indexing, no calculations are required, as the 
xjuinber of divisions obtainable by the use of the different holes In this 
plate are, as a rule, marked directly at the respective holes.] 
Finding' the Index Circle to Dee 
In order to find which Index circle to use and how many holes In 
that index circle to move for a certain fractional turn of the Index crank. 
the numerator and denominator of the fraction expressing the frac- 
tional turn are multiplied by the same number until the denominator 
f of the new fraction equals tbe number of holes in some one Index 
I circle. The number with which lo multiply must be found by trial. 
I Tbe numerator of the new fraction then expresses how many holes the 
1 crank Is to be moved In the circle expressed by the denominator. 
1 Assume that 12 flutes are to be milled In a large tap. Assume that 
■ 40 turns of the Index crank are required for one Um «t Ui« S.^^e«. | 
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IndaxlniT for AngleB 
In Klir* 04 it shown a piece of round stock having two flats milled. 
In such a way that tho angle between two lines from the center 
right angles to the two surfaces is 86 degrees. In this case the ind 
head »annot be turned so as to make a certain whole number of mo 
III one complete revolution of the work, as is done, for instance, whe 
we make four movies in one revolution for milling a square, six movi 
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HiaHT ANOLC 



OBTUSE ANGLE 




ACUTE ANGLE 



In mit^ r^y^^UiUon for milling a hexagon, and 80 moves for miUIng 
(HWtiiMi^th g^r InetiMid. we have here given a certain munber of 
gf«ea wht<^h It la required that the work be turned before another c 
la laki^n by th^ mining cxitter. 












INDEXING FOR ANGLES 



' work, one turn of the index craoh a 



= 9 degreea. Then, 



when one complete turD at the index crank equals 9 degrees, two holee 
In the 18-hole circle, or 3 holea in the 27-hole circle, must correspond 

3 2 1 
to one degree, (— = — = — .) The first principle or rule for index- 

27 18 9 
log for aoglea la therefore that two holes tn the IS-bole circle or 3 
boles In the 2T-hole circle equals a movement of one degree of ttie 
Index bead spindle and the n'ork. 

Assume that an indexing movement of 35 degrees Ih required ae 
ebown In Pig. 54. One complete turn ol the index crank equals 9 de- 
grees; we, therefore, first divide tbe number of degrees for whleb we 
wish to Index, by 9, In order to find how many complete turns the 




Index crank should make. Tbe number of degrees left to turn when 
ve have completed the full turns are Indexed by taking two boles In 

35 B 

the IS-hole circle tor each degree. In the case la Fig. 64. — ^3—, 
t 9 9 

\rhlch Indicates that the Index crank must be turned three revolutions, 
and then we must Index tor S degrees more or move IS holes In the 
38'bole circle. 

Assume that we wish to Index 11'^ degrees, as shown In Fig. 55. 
Two boles In the IS-hole circle represent one degree, and consequently 
wya.e hole represents Mi degree. To Index for 11!^ degrees we first turn 
the Index crank one revolution, this being a 9-degree movement. Then 
ito Index Zy^ degrees we must move the Index crank 5 holes In tbe 
18-bole circle (4 holes for the two whole degrees and one hole for the 
% degree equals (he total movement of 5 boles). 

Below Is shown how this calculation may be carried out to plainly 
Indicate tbe motion required ror tbie angle: 

llVi deg, = 9deg, + 2dee. + Mi deg, 
I 1 turn + 4 holes + 1 hole In the 18-hole circle. 

I Should It be required to Index only 1/3 degree, this may be made hy 
fusing the 27-hoIe circle, in this circle a three-hole movement equals 
lone degree, and a one-bole movement In that circle thus equals 1/3 
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degree, or 20 mlouteB. ABSume that It U required to index tbe 1 
through an angle or 4S degrees 40 mlnulea. First turn the crank S 
turns for 45 degrees (5 X 9^=45). Then there are 3 degrees 40 min- 
utes or 1! 2/3 degrees left. In the 27-hole circle a three-degree mavement 
correspoDds to 9 holes, and a 2/3-degree movement to 3 holes, making 
a total movement of 11 holes in the 27-hole circle, to complete the 
rrank movement for 48 degrees 40 minutes. Below Is plalnlj shown 
how this calculation may be carried out: 

48deg, 40min. = 45deg. +3 deg. +40 min. 

5 turns + 9 holes + 2 holes In the 27-hole circle. 
Approximate tndexinfr tor Ang'les 

By using the 18- and 27-hole circles, only whole degrees and 1/3. 1/2, 
and 2/3 or a degree (20, 30, and 40 minutes) can be indexed. Assume, 
however, that It is required to Index for 16 minutes. One whole turn 
of the index crank equals 9 degrees or 540 minutes (9 x 60^=E40). To 
Index for 16 minutes, therefore, requires about 1/34 of a turn of the 
Index crank (540 -^ 16^=34. nearly I. In this case, therefore, we use 
an index circle having the nearest number of holes to 34, or the index 
circle with 33 boles. A one-hole movement in ihia circle would approxi- 
mate the required movement of 16 minutes. 

Assume that It Is required to Index tor S!J minutes. We then have 
540 -^ 55 ^10. nearly. In this case there Is no Index circle with 10 
or approximately 10 holes, but as there is an index circle with 20 holes. 
this circle will be used, and the index crank la moved two holes in 
that circle Instead of one. 

Assume that It Is required to Index tor 2 degrees 46 minutes. If we 
change this to minutes we have 2 degreea^2 x 60^120 mlnutee, and 
46 minutes add^d to this gives us a total of 166 minutes. Dlvldlns 
540 by 166 we have: 540 -r- 166 = 3.253. 

Now we multiply this quotient (3,253) by some whole number, 90 
that we obtain a product which equals the number Of holes In any one 
index circle. The number by which to multiply must be found by 
trial. In this case we can multiply by 12, obtaining as a product 
3.253x12^:39.036. For indexing 2 degrees and 46 minutes we can. 
Therefore, use the 39-hole circle, moving [he Index crank 12 holes. 

The following is a general rule for approrimate Indexing ot angles, 
for any Index head where 40 revolutions of the index crank are re- 
quired tor one revolution ot the work: 

Divide 540 by the total numter of minutes to be indered. If the 
quotient is approximately equal to the number of ftoles in any index 
circle, the ani/ular movement is ohtairted by moving one hole in ttiii 
index circle, if the quotient does not appro^rijitatel]/ equal the number 
of holes i« any index circfe. find by trial a number by which tho 
quotient can be multiplied so that the product equal* the nuniber of 
holes in an aiJailable index: circle; in Ihis circle, moue the index erattk 
as many holes as indicated hy the number by Khich the quotient hat 
be^n multiplied. (If the quotient ot 540 divided by the total number 
of minutes is greater than the number of boles In any of the Index 
circles, the movement cannot be obtained by simple Indexing.) 
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students whose knowledge of elementary arithmetic and its applica- 
tion to simple problems is too limited for intelligent study of this 
treatise, are advised to first study Machinebt's Jig Sheets 5A to 16A, 
inclusive. Common Fractions and Decimals; Machinebt's Reference 
Series No. 18, Shop Arithmetic for the Machinist; and No. 52, Advanced 
Bhop Arithmetic for the Machinist. 

In preparing the second edition of this book, the chapter on graphi- 
cal methods of solving problems, contained in the first edition, was 
omitted, and in its place a chapter containing solutions of twenty-four 
mechanical problems selected from many different fields of mechanical 
engineering, were introduced. This substitution, it is believed, greatly 
enhanced the value of the book, and met with the approval of readers 
especially interested in the use of formulas in mechanics. In the pres- 
ent — the third — edition, this feature has, therefore, been retained. 
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aainSBAL REMJlELKQ on SELF-M>nCATION AND 
THE USE OF FORMULAS* 

Tbere are several ways of obtainuig an educallon: Tbe easiest and. 
until recent years, Ihe usual way is to begin at tbe age of seven and 
continue steadily at school till tbe age of twenty-four, at father's ex- 
pense. It is a fortunate tact that education la by no means unattain- 
able otherwise: indeed many of tbe greatest and most widely useful 
educations tbe world has kuonn have been obtained almost without a 
look at tbe inside of a school. A second method, quite modern. Is 
tbe correspondence school — most excellent in maoy respects, yet not 
■ completing the available ways of obtaining an education. The final 
. method fs that of self-education. Nearly every successful man in engl- 
' neering must necessarily obtain a very large share of his education in 
(his manner, no matter what his general educational tacilitlea have 
lieen: and It is for the purpose of explaining the possibilities of this 
method, and to plant the seed of self-help, that this and tbe follow- 
ing chapters have been written. They are divided iuto live heads deal- 
ing with the following subjects; 

1. Preaent Introduction, explaining general methods to be followed, 
ftnd the principles of the use of formulas. 

i. Examples of Ihe use of formulas in mechanics. 

3. The application of formulas to the solution o( problems Involv- 
.Ing the principles of levers and moments, showing the simplicity of 
Uie form and application of the formulas. 

4. The application of formulas lu Qndlng the center of gravity of 
geometrical figures. 

5. Tbe elements of the theory of tbe strength of materials, and the 
use of formulas In catculations of strength of beams. 

It is the aim of these chapters to start (he ambitious young man o( 
sufficient grit upon a path which, if rightly followed, will in the tuture 
surely place him on par with those more fortunate men of his age who 
kave enjoyed a college education, and to leave him in a position to 
continue to read and study and to understand the technical discussion 
snd articles on design which appear In The technical press. 

Engineering education does not consist in knowing things mechani- 
«al — far from It. It consists largely in knowing whore to find techni- 
cal llteratare upon any given subject when It Is wanted, and knowing 
kow to read it when It Is found. Therefore, the Drat thing needed by 
Dur student Is a place to store his newly acquired knowledge, aside 
Irom his head. Tbe first attempt in this line of the author of this 
Tbapter. was a book having black canvas covers and a flexible hack. 
Tapes were provided to Ince in (he leaves, whicli were ina<ii> of fairly 
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heavy cardboard, perforated tor the tapes, and having a Qextble strip 
along the perforated edge to enable Ihe leaves to turn back properly. 
Twenty-six alphabet leaves were made elmllar to those in dictionaries 
and memoracduiQ boolis. and a supply of extra leaves kept on hand. 

Clippings from papers and catalogues were pasted on blank leaves 
and inserted under the proper letter, also notes and formulas recelred 
from others were written in, making the book a record of past work 
and study. The book, finally becoming loo large to be convenient and 
loo small to hold everything to be preserved, gave way to the card 
Index and filing case.* 

Having provided a systematic way to file our clippings, we are ready 
to consider the sources of Ihe same. First subscribe for one or two 
of the leading technical Journals devoted to your line of work. Make 
a practice of sending tor catalogues of machinery manufacturers, and 
file them in the filing box. ^lany catalogues present, besides the goods 
manufactured, tables and data of value. If you can clip out these 
tables and file them in the card Index without destroying the catalogue. 
do bo; it not. make an entry in the card index to show where they 
may be found, before filing the catalogue. Always write your name in 
the catalogues, for as the file grows, you will find demands upon It 
from olhers. and this will aid in keeping the Die Intact. Remember 
that a catalogue received Implies confidence on the part of the sender 
that it will eventually prove of use to him by bringing his goods before 
possible purchasers, and for this reason, as well as for your own con- 
venience, ail catalogues received should be listed and filed. 

Duplicate cllpplngB, such as tables, may often be exchanged with 
Olhers, and thus our flies are enlarged. This is not meant to eocourage 
8 mere mania for collecting — far from it. We should 90 study all 
data filed as to understand it at the time, and if found difficult, makn 
such notes as will readily recall the study to our minds In the future. 

Mathematical SlgTis and E^proBsiona 

The first thing to be done In preparation for study, and for reading 
Ihe technical papers. Is to become familiar with the cnginc'^ring Jan- 
pMaffc. The jpofccn cnQineeriitg language Is of course the native 10Q£Ue 
of the country, with, however, plenly of new words to master: but the 
urittrit engineering ianguage consisls very largely of symbols, so like 
those of higher mathematics In appearance as often to discourage the 
beginner from further efforts. In the tcritlen engineering lattffuafir. 
rules, instead of being written In the native tongue, are expreaeed by 
combinations ot these symbols, and when so expressed are called for- 
mulas. 

Now, the malbcmatlcian, when deriving a formula, uses the same 
symbols as the engineer when writing a formula, and It we accept the 
work of Ihe to at h email clan as correct, we need pay no attention to the 
usp of these symbols In deriving formulas, but give our attention to 
learning to read the symbolic language ot the engineer with sufBcIeot 
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ease to enable us to follow the operations called for by any formula 
Vie may wish to use. 

The following table exhibits in the first columA the symbols most 
frequently met with; in the second column the arithmetical equivalent 
of the symbols is given, assuming that a = 2 and Z> = 4; in the third 
column the symbols are expressed in English to give the proper method 
of reading the symbols. 




TABLB 1. OOMMON ICATHEMATIOAI. SIONS 

a equals 2 h equals 4 
a plus h equals c 
h minus a equals d 



2 + 4 = 6 
4 — 2 = 2 



2X4 = 8 



a times b equals e. or 
ab equals e 



2 X 6 = 12 a times a plus b equals / 



4 

— =2 
2 

2<4 
4> 2 



b divided by a equals 7i. or 
b over a equals h 

a is less than h 
b is greater than a 



4 12 r 
2 "" 6 \ 



b is to a as / is to c 

b divided by a equals / divided by • 

b over a equals / over c 



2x2 = 4 a square equals b* 

4X4X4 = 64 b cube equals k 

\/4~=2 square root of b equals a 

^8= 2 cube root of e equals a 

Bxamples of Formulas 

Let us now take the simple case of finding the area of a circle whose 
diameter we know. Expressed in English the rule is: Multiply the 
diameter by itself, then multiply the resulting product by 0.7854. The 
result is the area of the circle. If the diameter is expressed in inches, 
the area will be expressed In square inches. The corresponding mathe- 
matical expression is 

A = 0.7854 (f* (1) 

where A = the area in square inches, 
d = the diameter in inches. 

Note that d* simply means dxd. 

Now, to solve this expression for a particular case, suppose we wish 
to know the area of a circle nine inches in diameter. We simply sub- 
stitute for d^ its numerical value, and perform the indicated operation, 
thus: 

A = 0.7854 X 9 X 9 = 0.7854 X 81 = 63.617 square inches. 



* For a mort* complete explanation of the meaning of Rqaare and square root. 
and cul>e and cube root, see Machinbry'h Reference ^rlea No. 52, Advano'd 
Mop Arithmetic for the MachlnlHt. or MACiiiNF.itv's .Tig Sheets No. lOA. S^iunre 
Hoot, and No. 20A. Cube Root. 
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Take as another example the formula for the indicated horse-power 
of an engine: 

PLAy 

H,P.= (2) 

33.000 

where P = the mean effective pressure in pounds per square inch, 
L = the length of stroke in feet, 
A = the area of the piston in square inches, 
^ = the number of strokes per minute. 
Note that PLAN simply means P X Lx AX N.^ 
The whole information as to how to determine the indicated horse- 
power of an engine is given in a very small space in the fonnula, 
while to write the same in English would require considerable of the 
space at our disposal. 

Take the case of an 8 X 10-inch engine running at 100 revolutions 
per minute under 125 pounds mean effective pressure; here we have:' 
P=125 pounds, 

10 inches 

L = = 0.833 feet, 

12 

A = 0.7854 X 8 X 8 = 50.26 square inches, 

N = 100 rev. per min. X 2 = 200. 

Then, 

125 X 0.833 X 50.26 X 200 

H. P. = = 31.7 

33,000 

Right-angled Triangles 

In right-angled triangles.f if we call the side opposite the right angle 
a, and the sides forming the right angle b and c, then the following 
formula expresses the relationship between the three sides: 

o = \/"&M^ (3) 

Assume, for example, that in a right-angled triangle one of the sides 
forming the right angle is 8 inches long, and the other side forming 
the right angle is 6 inches. What is the length of the side opposite 
the right angle? 
If we insert the given dimensions in the formula above, we have: 

a =>/8» 4- 6* =>/64 -f 36 =5/100 = 10. 
The side opposite the right angle, thus, is 10 inches long. 

* Sec Machinbrt's Reference Series No. 62. Advanced Shop Arithmetic for 
the Machinist, or Machinery's Jig Sheet No. 16A, Use of Pormalas. 

t See Macbinvrt's Jig Sheet No. 21 A, Squares. Rectangles. Triangles, etc. 
For a more complete treatment of the right-angled triangle see Machikbrt's 
Reference Series No. 52, Advanced Shop Arithmetic for the Machinist, and No. 64, 
Solution of Triangles. 



CHAPTER II 



THE USB OP FORMULAS IN MECHANICS 

The use of formulas for solving problems in mechanics can best be 
made clear by actual examples. In the present chapter, therefore, & 
number of problems have been solved, showing the methods employed,, 
and the manner in which the formulas taken from hand books and 
reference works are used. 

Problem 1.— A metal ball falls from the top of a tower 300 feet high. 
How long a time will be required before it reaches the ground? 

The formula by means of which this problem is solved is: * 

'=s|-r 

in which t=rtime in seconds, 
h =z height in feet, 

(IF = acceleration due to gravity = 32.16 feet. 
Inserting the known values of h and g in the formula, we have: 



I 2 X 300 ^ 

t= . = v 18.66 = 4.32 seconds. 

N 32.16 

Problem 2. — ^What is the velocity of the ball in the previous example 
when it reaches the ground? 
The formula for finding the velocity is: 



v=is/2gh (5) 

in which 17 = velocity in feet per second, and 7i and g denote the same- 
quantities as in Problem 1. Inserting the values of g and h in the for- 
mula, we have: 

vss yj 2x 82.16 X 300 = yj 19,296 = 139 feet, nearly. 

ProbUm 3. — A projectile is fired from a 12-inch gun vertically into 
the air. It strikes the ground, coming down, exactly 1 minute and 40 
seconds after it left the muzzle. Disregarding air resistance, what 
height did the projectile reach? What was its velocity when leaving 
the muzzle? And what is the energy of the projectile when it strikes 
the ground, if its weight is assumed to be 600 pounds? 

The time required for the projectile to reach its greatest height is 
one-half of the total time for the upward and downward journey. 
Thus, In 50 seconds, the projectile has reached the point where its 
velocity is zero, and where it begins to fall. The formula for finding 
the height reached is: 

h = (6) 



* Bee llACHiiraBT'B Reference Series No. 5, F\i«t VTVci<i\p\<i» ol T\icioT^N\<:»X 
ICeclumics, page 84, second edition. 
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in which K and t denote the same quantities as in Problem 1. In- 
serting the known values, we have : 

32.16 X 50> 32.16 X 2.500 

h = = = 40,200 feet. 

2 2 

40.200 

or = 7.6 miles, approximately. 

5,280 

The Telocity of the projectile when leaying the muzsle is the same 
as the Telocity acquired when again reaching the ground. This tsIoo- 
ity is found by the formula: 

i; = (rt = 32.16 X 50 = 1,608 feet per second. (7) 

The energy of the projectile when it strikes the ground equals Its 
weight multiplied by the distance through which it has fallen. If TF= 
weight, and J& = energy, we have: 

« 

J& = WX* = 600X 40,200 = 24,120,000 foot-pounds. (8) 
Another formula for the energy is as follows: 

E = . (9) 

This formula, with the values of W, v and g inserted, win, of course^ 
give the same result 

600 X 1.608* 600 X 2,585,664 

^= = = 24,120,000 foot-pounds. 

2 X 32.16 2 X 32.16 

If, upon reaching the ground, the projectile buries itself to a depth 
of 8 feet, what is the average force of the blow with which it strikes 
the ground? The average force of the blow equals the energy divided 
by the distance d in which it is used up, plus the weight of the pro- 
jectile, or if F = average force of blow: 

E 24.120,000 

F = hW= h 600 = 3,015,600 pounds. (10) 

d 8 

ProWem 4. — ^A drop hammer weighing 300 pounds falls through a 
distance of 3 feet What is the stored or kinetic energy of the hammer 
when it strikes the work, and what is the average force with which it 
delivers the blow, if, on striking the work, it compresses it ^ inch? 

From Formula (8) given in Problem 3, we have: 

^ = W X fc = 300 X 3 = 900 foot-pounds. 

The distance d in which this energy is used up equals H Inch or 
^-§-12 = 0.04 foot Therefore, from Formula (10) the average force 

is: 

E 900 

F = — -f W = -f 300 = 22,500 -f 300 = 22,800 pounds. 

d 0.04 

Problem 5. — ^Find the stress in the rim of a fly-wheel, 5 ftet mean 
diameter, made of cast iron, the rim betng 2 inches wide by 4 inches 
^^epb tf the fly-wheel rotates at a velocity of 200 revolutions per mis- 
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The formula for the stress in the rim is:* 

8 = 0.00005427 WRr* ( 11 ) 

in which 8 = stress in pounds on the rim section, 
W = weight of rim in pounds, 
R=z mean radius in feet, and 
r= revolutions per minute. 
We know that the mean diameter of the fly-wheel is 5 feet; there- 
fore, £ = 2.6 feet; r is given as 200; but we must find the value of 
W before we can apply Formula (11). 

The weight W of the rim equals its volume or content in cubic 
inches multiplied by the weight of cast iron per one cubic inch. The 
volume of the rim equals the cross«ectional area of the rim multiplied 
by the circumference of the circle having for radius the mean radius of 
the flywheel; expressed as a formula: 

y = 2Hx3.1416xaX h. 

in which y = the volume of the rim, in cubic inches, K= the mean 
radius, in inches, a = the width, and & = the depth of the rim. In 
inches. Substituting the values in this formula, we have: 

y=s2 X 80 X 3.1416 X 2 X 4 = 1.508 cubic inches. 
One cubic inch of cast iron weighs 0.26 pound. The weight of the 
rim then is: 

• W = 1,508 X 0.26 = 392 pounds. 

We can now substitute the values in Formula (11) : 

8 = 0.00005427 X 392 X 2.5 X 200' = 2,127 pounds. 

The multiplication above can be carried out by the use of logarithms 
as follows:! 

log 0.00005427 =5.73456 

log 392 = 2.59329 

log 2.5 = 0.39794 

2 X log 200 =s 4.60206 



log 8 = 3.32785 
Hence 8 = 2,127 pounds. 

JProMem 6. — ^The cylinder of a steam engine is 16 Inches in diameter, 
and the length of the piston stroke 20 inches. The mean effective pres- 
sure of the steam on the piston is 110 pounds per square inch, and 
the number of revolutions per minute of the engine fly-wheel is 80. 
What is the power of the engine in indicated horse-power? 

The formula for the horse-power of engine has been given in Chap- 
ter I, page 6: 

PLAN 

H,P. = (2) 

33,000 

in which P = mean effective pressure in pounds per square inch, 

» — 

* 8ee Macrinbbt'b Reference Series No. 40, Fly- Wheels, page 10, first edition, 
t See Machinbbt'b Reference Series No. 53, Use of Logarithms and Logarithmic 
Tkbles. 
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I.^leagtti of stroke In feet, 

J, = area or piston In square Inches, 

y^ number of strokes of piston per minute. 

ZO 

In the given problem P = 110; L (In teet) ^ — = 1 2/3; ^. th« arM 
12 
of the platon In square Inches =: IS* x 0.TS54 ^ 256 x 0.TS54 ^ 201.06; 
and Ti. the number of strokes of piston per mtoute = 2 x revolutions 
ot By-wbeel = 2 x 80 ^ 160. Substituting tbeae values In the formula, 
we have: 

110 X 12/3 X 201.06 X 160 

B. P. = = 1 78.72. 

33,000 

Problem 7. — It Is required to determine the diameter of cylinder and 
length of stroke ot a steam engine to deliver l&O horae-power. The 
mean steam pressure is 75 pounds; the number of etrokes per minute 
is 120. The length of the stroke is to be 1.4 times the diameter ot 
• cylinder. 

First Insert In the horse-power Formula (2) the known valuss; 
<LxiXl20 3X Lx A 



160 = 



11 



33,000 
Tha laat expression la tound bj canceltation. 
Auume now that the diameter ol the cylinder In Inches equals D. 



The 
tnute . 
>t th« 

'4 



Then L = 



12 



- = 0.117D. according to the requirements In the prob- 



lem; the divisor 12 Is Introduced to change the Inches to feet, L betng 
in feet In the horse-power formula. The area -l^D'X 0.7854. It we 
Insert these values in the last expression In our formula, we have: 

3 X 0.117 D X 0.7864 D' 0.2757 D" 
150 = 



11 

0.27B7D' = 150X II 
l.SGO 



11 



= 1.650 



'1X66 



n 



D" = — ■.0=^l = ^5984.8 = 18,15 

0.2757 

The diameter ot the cylinder, thus, should be about IS^ inches, and 
the length of the stroke 18.15 X 1.4 = 23.41, or, say, 25VS Inches. 

Problem 8. — Find the horse-power required for compressing 10 cubic 
leet or air per second from 1 to 12 atmoapheres, including the work 
ot expulsion from the cylinder. Frlctlonal and other lossea are dis- 
regarded. 

1 be formula tor the work, W. In toot-pounde, required tor comprea- 
aion and expulsion ot 1 cubic tool of air from p, to p. atmoapheres li: 



»'=8,468p, 



m'-] 



■< 14.7 X 144 



fia) 
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In the giren problem Pi :=!; Pa = 12; and as we are to compreaa 10 
cubic feet iDBtead of one, we must multiply the whole expression by 10. 



W = 8.«H X 1 



<[(Tr']x" 



7 X 144 X 10 



< 14.7 X 144 X 10. 
■ can be found only by the t 



0.3I2S6. 



= ».4«8 X (19" - 
The value ot the expression 12" 
logarUhms.* 

log 12 = 1.07918. 
Iogl2»»» =1.07918 X 0. 

12*» =2.056, and la*-" — 1=I.05S. 
Hence: 

W = 3.463 X 1.056 X 14.7 X 144 X 10 = 77.410 foot-pounds. 
This last result may be found by ordinary multiplication, or, 
quickly, by logarilbms as follows: 

log 3.463 = 0.53945 
log 1.056 = 0.02366 
log 14.7 =1.16732 
log 144 =2.15g36 
log 10 =1.00000 



logW = 



= 77,410. 



As & horse-power equals 550 foot-pounds per second, the borse-power 
required for compressing 10 cubic feet of air from 1 to 12 atmospheres 



560 



= 151 horse-power. 



Problem 9. — It Is required to lift a weight weighing I ton by means 
«r a screw having a lead of ^ Inch. A lever passing through the head 
of the ecrew. and extending 4 feet out from the center. Is provided at 
lis outer end with a handle. How great a force must be applied at 
this handle to lift the required weight, friction being disregarded? 

Let the weight to bf lifted, In poundH, be W; the force applied at the 
end of the lever, F; the lead of the acrew, I; and the length of the lever. 
In Inches, r. The distance passed through by force F limes this forc« 
must equal the distance weight W Is Hfied times the weight, or, ex- 
pressed as a formula: 



Fx 2rx 3.141S = W x I- 



(13) 



This formula la baaed on the fact that during one revolution ot the 
acrew and handle, force F acts through a distance equal to the circum- 
ference of the circle described by the handle, while the weight If is 
Utted an amount equal to the lead of the screw. If we Insert the given 
values In the formula above, we have; 



H Rrrtrrnoi B^rlra N 






d L.n|irlr|]Dils 
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F X 2 X 48 X 3.141C = 2,000 X Vj 
FX 301.59 = 1,000 
1,000 

F = != 3.3 ponnda. 

301.59 

It will be seen that b; tbe Klven arraDgemeiit a force ol ! 
would be BufDclent to lift a ton. Friction, bowever, has not 
eldered fn this problem, and as the trlctional reslslance in 
using screws lor conveying power Is considerable, the actua 
quired would be a great deal more than 8.3 pounds. 

Assume that la required to And the power If friction Is c 
In ibis case we must know the diameter of tbe screw and 
of the thread. We will assume that the thread Is BQuare, aii< 
diameter of the screw Is 3 Inches. The depth of a U-lncb le 
thread la % Inch. The pitch diameter of the screw to, ther 
H = 2% inches. 

The formula for finding the force required at the end of t 



1 — /tana r 
In which ^ force at end of handle. In pounds, 
W= weight to be lifted = 2,000 pounds, 
/=^coetBcient of friction, 

a = angle ot helix of the thread at the pitch dlamete 
Ji^pltch radius of screw In lnches^l% Incb, 
r^ length of handle In Inches :=4S. 

lead 0.6 

tan o = = =0.068. 

3.1416 X pitch dlam. 3.1416 x 2.75 

The coefflclent of friction, /, mar be assumed to be 0.15. 
Insert the known vslues In the formula, we have: 

0.15 + 0.058 1.375 

Q = 2,000 X X = 12.02 pound 

1 — 0.15X 0.0S8 48 

ur uearly four times aa much aa when friction was not conei 
Problem 10. — Determine the length ot the main bearing 
horizontal steam engine. The diameter ot the crank-abaft la 
and the weight of the shaft, fl;-wheel, crank-pin and othi 
parts that may be supported by tbe bearings Is 60,000 poonda 
that two-thirds of this weight, or 40,000 pounds, comes on 
bearing. The engine runs at SO revolutions per minute. 

The length of tbe main bearing of an engine may be fou 
formula: • 



PK \ Df 



1 Relereoce Serlcg No. ] 
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in which L = lehgth of hearing in inches, 
W = load on hearing in pounds, 
P=r maximum safe unit pressure on bearing at a very slow 

speed, 
£^ = constant depending upon the method of oiling and care 

which the Journal is likely to get, 
3r = numher of revolutions per minute, 
D = diameter of heaHng in inches. 

The safe unit pressure P for shaft bearings is 400 pounds; the factor 
K varies from 700 to 2,000. In this case, assume first-class care and 
drop-feed lubrication, in which case £^ = 1,000. The other quantities 
given are W = 40,000, ^ = 80, and D = 10. 

Inserting these values in Formula (14), gives us: 



L = __'^^__ 1^-^'—] = — (80 + 100) = 18 inohes. 



40,000 / 1000\ 1 

400 X 1000 \ 10 / 10 

Problem 11. — ^What is the carrying capacity of a helical spring hav- 
ing an outside diameter of 5 inches, made from ^-inch round steel? 
The tensile stress per square inch of section of spring must not exceed 
80,000 pounds. 

The formula for the carrying capacity of helical springs is:^ 

P = (15) 

2.56 D 

in which P = safe carrying capacity, 

8 = safe tensile stress per square inch, 
d=: diameter of wire, 

2> = mean diameter of spring = outside diameter minus diam- 
eter of wire. 
In the given problem 5 = 80,000; (1=:^; and 2> = 5 — H = 4%. If 
these values are inserted in Formula (15) we have: 

80,000 X 0.5« 10,000 

P = = = 871 pounds. 

2.55 X 4.5 11.475 

Problem 12. — ^Find the weight of steam that will flow in one minute 
through a pipe 100 feet in length and 2 inches in diameter, if the 
initial pres&ure is 40 pounds (absolute) per square inch and the ter- 
minal or delivery pressure 35 pounds (absolute). 

The formula for finding the weight of steam under the above condi- 
tions is:f 



-4 



w(P-Pi)d» 

W^e^l (16) 

Jj 



in which W = pounds of steam per minute, 

c = constant = 52.7 for a 2-inch pipe, 

* (See MACBiioeRT's Data Sheet No. 22, July. 1903, Formulas for Coil Sprlnn. 
tSee Machinbhy'8 Data Sheet No. lOO. March, 1909, Steam Pipe Sizes far 
Heating Systems. 
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In the given problem, where ir=: 21,000, ^=:120, I> = 8, a = 0.02, 

and n = 300, we have: 

10.75 X 120 

P = 21.000 X = 0.78 ton. 

8« X 0.02 X SOO* 

E^xpressed in pounds the weight of the rim equals 0.78 x 2,000 = 
1,560 pounds. 

Problem 18. — ^Find the thickness of the piston for a steam engine hav- 
ing a cylinder diameter of 20 inches and a length of stroke of 24 inches. 

The following formula may be used for finding the thickness of the 
piston:^ 

T=yjLXD (22) 

In which T = thickness of piston in inches, 
L = length of stroke in inches, 
D = diameter of cylinder in inches. 
Inserting the given values in this formula, we have: 

4 4 

7'=\/24 X 20=V480. 

The fourth root of 480 can be most easily found by logarithm8.t 

log 480 

logT = . 

4 

log 480 = 2.68124 ; 2.68124 -^ 4 = 0.67031. 

log T = 0.67031 ; T = 4.68 inches. 

Problem 19. — Find the average horse-power required for taking a 

chip in a lathe 5/16 inch deep with a feed of 5/32 inch per revolution. 

The material cut is a bar of 30-point carbon steel, 4 inches in dlameteTp 

and is turned at a speed of 40 revolutions per minute. 

A formula for finding the horse-power for turning in a lathe, based 

upon the experiments of Hartig, is as follows: J 

if. P. = 0.035 X 3.1416 XDXnXdXt X 0.28 X 60 (23) 

in which H. P. = horse-power required for turning, 

D = mean diameter of piece turned, 

n = revolutions per minute, 

d = depth of cut, 

t = thickness of chip = feed per revolution. 

In the problem given. D = outside diameter minus depth of cut = 

4 — 5/16 = 311/16; n = 40; d = 5/16; and t = 5/32. If we insert 

these values in the given formula, we have: 

H. P. =0.035 X 3.1416 X 3.6875 X 40 X 0.3125 X 0.1562 X 0.28 X 60 = 

13.3. 

Problem 20. — What horse-power may safely be transmitted by a 3 

inches wide, machine-cut spur gear of 16-inch pitch diameter having 

64 teeth, made of cast iron and running at a velocity of 120 revolutions 

per minute? 



* 8ee Machinery's Data Sheet No. 120, Steam Engine Deeim. 

t See MACHiNBBY's Keference Series Mo. 53, Use of Logarithms and Loga- 
nthmic Tables. 

^ t See Machinebt's Keference Series No. 16, Machine Tool DrlTes, page 29. 
^r»t edition. 
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The formulas for the solution of this prohlem are as follows:* 

y=: 0.262 D/2 (24) 

600 

i8f = fif, X (25> 

600 + V 

8FY 

W = (26) 

P 

W7 

H,P,= (27> 

33,000 

in which y = velocity in feet per minute at pitch diameter, 

D = pitch diameter in inches, 

i^ = revolutions per minute, 

;Sf = allowable unit stress of material at given velocity, 

fif. = allowable static unit stress of material, 

W=: maximum safe tangential load, in pounds, at pitch diam-^ 
eter, 

7 = factor dependent upon pitch and form of tooth, 

F = width of face of gear, 

P=: diametral pitch. 
H, P. = horse-power transmitted. 
The known values to be inserted in the given formulas are D=:16,. 
It = 120, Bm (for cast iron, assumed) =6,000, F=r3; 7 (for 64 teeth, 
standard form) =: 0.36; and P = 64-^16 = 4. If we insert these val- 
ues, as required, in the Formulas (24) to (27), and insert the values, 
obtained in each formula in the next succeeding one, we have: 

7 = 0.262 X 16 X 120 = 503 feet. 

600 

B = 6,000 X = 3,264 pounds per square inch. 

600 + 503 

3,264 X 3 X 0.36 

T7 = = 881 pounds. 

4 

881 X 503 

H, P. = = 13.4 horse-power. 

33,000 

Problem 21. — The initial absolute pressure of the steam in a steam 
engine cylinder is 120 pounds; the length of the stroke is 26 inches, 
the clearance 1% inch, and the period of admission, measured from 
the beginning of the stroke, 8 inches. Find the mean effective pres^ 
sure. 

The mean effective pressure is found by the formula: 

P(l + hyp.logB) 

p= (28) 

R 

m which pssmean effective pressure in pounds per square inch, 

P = initial absolute pressure in pounds per square inch, 

* 8e« IfACHiNBRT's Reference Series No. 15, Spur Gearing, page 29, second 
ediUoo. 
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CHAPTER III 



PRINCIPLE OF MOMENTS AS APPLIED TO THB 
LEVER" 

Tbe lever is the simplest element of a macblne, and the principles 
«C Its actloD are of a simple nature. There la no reason ichr anrone 
nho chooses to devote a little time to study should not be able to 
master these prlDcipIee. and having done this, be will have eoue a 
long way toward tDSsterlng the principles of all the elements that make 
up a machine. 

Webster defines a lever as "a bar of metal, wood or sther substance. 
used 1o exert a pressure or to sustain a weight, at one point at Its 
length, by receiving a larce or power at a second, and turntng at a third 
on a flxed point called a Fulcrum, it Is of three kinds, according as 
either the fulcrum F, the weight W. or the power P. respectively. Is 
situated between the other two." This Is the usual definition of a 
lever as It Is found In most books on mechanics and physics, and 
attention should be called to certain points about It that could easily 
lead a beginner astray and cause confusion at the outset. It Is always 
beet to Blart with e, clear Idea of a subject, so tttat there will be do 
uncertainty to begin vrlth. 

In Fig. 1 la a lever, in which, according to the definition, TT Is a 
weight acting at one point, P Is the power or force acting at another 
point to raise the weight W, as Indicated by the arrow, and F la the 
fulcrum on which the lever turns. That part of tbe lever between 
the weight and the fulcrum Is called the "weight arm." and that pan 
between the fulcrum and the power la called the "power arm." It 
will be noted that the fulcrum In Fig. 1 Is located between the weight 
and power. In Figs. 2 and 3, however, are two levers in which the 
arrangement is difTerent. the weight being placed between the power 
and fulcrum In Fig. 2, and the power placed between the weight and 
fulcrum in Fig. 3. These three figures illustrate the first, second, and 
third kinds of lever, as above defined. 

Tbe objections to this definition of the lever are. In tbe flrst place. 
the use of the word "power" tor the force applied at the end of the 
lever to raise the weight. "Power" has a totally different meaning 
from "force," and takes Into account not only force, but time and 
distance. A force Is merely a push or pull, such as Is exercised by the 
hand, and this is the kind of effort that la always required to raise 
a weight or overcome any other resistance. In tbe reference letters 
of the Illustrations, therefore, we will let P stand for a push or a pull, 
as the case may be. Instead of lor the word "power." Hereafter, also. 
Instead of calling Ibe resistance to be overcome the "wpleht," we will 

* UjtcniNHT, October «nd NoTembfr. 1888. 
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call it the "resistance" and represent it by the letter R. A lever may 
have to overcome a number of resistances besides that of raising a 
weight, such as the resistance of friction, of a coiled spring, or of the 
pressure of steam, and the term "resistance" implies this better than 
the term "weight" 

Finally, regarding the three kinds of levers mentioned above, there 
is no necessity for trying to separate levers into any number of classes, 
or for trying to remember to which class they belong in the solution of 
examples. All levers depend upon the same principles, which are simple 
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and easily understood, and all that is necessary is to first master these 
principles without regard to the relative position of the applied force, 
the resistance, or the fulcrum. 

The Moment of a Force 

We have seen what is meant by the term "force," and the next thing 
to learn is what the moment of a force is. When a force acts at a 
point on a lever, that is, when that point is given a push or a pull, the 
tendency is to cause the lever to turn about its fulcrum. This tendency 
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depends first upon the strength of the force acting and second upon 
the perpendicular distance from the line of action of the force to the 
fulcrum. If either the strength of the push or pull exerted by the 
force, or the perpendicular distance of its line of action from the ful- 
crum, is changed, the tendency of the force to rotate the lever will be 
greater or less, as the case may be. The rotative effect of any force 
thus depends upon both the strength and the distance, and is measured 
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bj their proauct, tbis product being cslled the momeDt of the force. 
The moment of force, therefore, is the measure of the tuminc eOect 
of that force, aod Ib found by multiplying the force by tbe perpendicu- 
lar distance from ita line of action to the fulcrum. It the force be 
meaaured In pounds and the distance In feet, the moment will be in 
foot-pouode ; It tbe force be In pounda and the distance in inches, the 
moment n-lU be Inch-pounde; If tbe force be in tons and the distance 
In feet, the moment will be in foot-tons, etc The toot-pounds measure- 
ment In the most commonly used, however. 

This subject of momenta is Important— In fact, the moat Important 
In tbe whole subject of levers— and In order to fii It firmly In the mind. 
It win be helpful to have some common fact or operation that will 
Illustrate It, and that can be referred to In solving complicated exam- 
ples In which the application of the principle may not be entirely 

There Is one kind of lever that Is very familiar to every mechanic, 
and that Is the wrench. We will select tbe wrench, therefore, to illus- 
irate the subject of moments, and having once grasped the principle as 
applied to tbe wrench, no mechanic will be likely to have trouble 1 
Ita other applications. 




Fig. 4 represents a box wrench, and. as Is often done in work tl 
heavy character, a hole Is punched In tbe outer end of the handle, Into 
wblcb a chain or rope can be hooked or fastened to assist in screwing 
the bolt or nut "home." Suppose the wrench Is being used to screw up 
a nut, as shown In Fig. 4, and that the pull P on the rope la In the 
direction shown by the arrow, or In tbe direction of the line m n. The 
tendency of tbU pull to turn the wrench and nut will then be meaa- 
ured by the pull P in pounds, multiplied by the distance L in feet 
measured from the fulcrum at the center of tbe bolt, to tbe line 
mn, the distance being taken In tbe direction of a line at right angles 
or perpendicular to the line mn. This product gives the effect of the 
pull F In foot-pounds, and Is called tbe moment of thla force. Thu«, 
if the pull P Is 300 pounds, and the length L Is 4 feet, the moment of 
the force P is 300 x 4:=!, 200 foot-pounds, and this Is the measure of 
the turning eftect of this force. 

The reason why this la so will be evident if we consider another 
ease Ehown in Fig. 5. Here (he wrench has been placed In n new 
position, ready for another turn, and the pull P acts In the aame direc- 
tion as before, along the line mn. Now, anybody who has used a 
•Tench knows that with the aame pull a greater effect will be pro- 
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dvced with the wrench as placed in Fig. 4 than as placed in Fig. 6» 
although in each case the hook is at the same distance (4 feet) from 
the folcmm F. The direct distance, however, of the point of applica- 
tion of the force from the fulcrum does not necessarily have any influ- 
ence on the efPectiveness of this force in moving the lever. The only 
distance that can he considered is the perpendicular distance from the 
line along which the force acts to the fulcrum, and this distance is 
greater in Fig. 4 than in Fig. 6, and in the former the force of 300 
pounds has a greater leverage than in the latter. In Fig. 6 the meas- 
ure of the rotative effect is the pull P, which is 300 pounds, times 
the distance L. which in this case measures 2 feet, or 300 X 2 == 600 
foot-pounds. The distance L, as before, is measured at right angles to 




the line m n, and if the rope had extended along the line c d, instead 
of the line m n, L would have been measured at right angles to the 
line c d, as indicated by the line L^. 

The True Lever'Arm 

The distance L in Figs. 4 and 5 is called the lever arm. Ordinarily 
the arm of a lever is understood to mean that part of the lever that 
lies between the fulcrum and the point where the force is applied, or 
between the fulcrum and the point where the resistance takes place; 
and such it is in a strict sense if the lever arm is straight and the 
force acts at right angles to the lever. But in Fig. 5 the true length 
of the lever arm is the distance L, and not the length of the handle of 
the wrench, because L is the effective length acting, in the position 
shown. The true lever arm, therefore, is the perpendicular distance 
from the line of action of the force to the fulcrum. 
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A famlllftr example ol the momeat ol a force is to be had Id tbe 
action of the foot in pedallog a bicjcle. When tbe cranb has passed 
the upper center, and the toot is ready tor the downward push. It will 
require a much greater effort to drive the wheel ahead than when the 
crank la at right angles to tbe direction of tbe motion of the foot. 
The crank, of course. Is of tbe same length whatever Its position; but 
considered as a lever, the length Of its arm varies from nothing at tbe 
upper center, to tbe fuU length of tbe crank at the extreme forward 
movement of the foot. The moment of tbe force eierted by the foot. 
therefore, gradually Increases from nothing at the upper part of the 
stroke to tbe greatest amount at tbe forward position. 

Still another illustration is to be had In tbe curved crank shown [n 
Fig. 6. Tbe crank turns about tbe point F, and a rod Is allacbed at 




II the outer end which pusbea in the direction shown by line m n. Draw- 

j ing this dotted tine m, n through the point at which tbe push la applied 

and In the direction In which the push 1b exerted, we have L, which le 
I drawn at right angles to m n, as the length of tbe lever arm. and the 

moment of the force is Ihe length t multiplied by the force P. 
The Principle of Uoment 
Thus tar the lUuetrations that have been used have pertained to 
what might l>e called single-armed levers. We have considered only tbe 
forces acting without regard to the resistance that had to be over- 
come, and the levers themselves bare been more of the nature of a 
crank than of a lever, though It is not always easy to make a distinc- 
tion between the two. It Is evident, however, that wherever a force is 
■exerted, there muat also be a resistance, as otherwise no Initial force 
would be required to create motion. In tbe case of the wrencb, tbe 
resistance was tbe friction between the threads of tbe bolt and nut 
'^cllng at tbe end of a lever arm rqual to the radius ot the bolt; and 
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in the case of the bicycle craok, Ibe reaifiUmce v.a3 &l the rim of tlie 
bicycle nbeel. tbe lever arm Id this case being more complicated be< 
cause of tbe sprockets and chain. 

In Fi£. 7 is Ebown a bell-crank lever pivoted at tbe fulcrum F. 
A pull P Is exerted along the rod at the left, and this le balanced by 
another pull along tbe rod ot tbe right, which acts as a resistance to 
the force P. To determine the relative rotative effects of the pull P 
and the resistance R. we must determine the moments of these two 
forces. To find the moment of P. draw a line m n through the point 
of the leTer at which P tahes effect, and in the direction of the line la 
which It acta. Then draw the line L from the fulcrum F and at rlgbt 
angles to tbe line in n. This will be the true lever arm, and the 




moment of P will be the product of P and the length L. To And the 
moment of R, draw tbe line c d through the point of application of R 
and in the direction of R. Then draw the line D of a length equal to 
the perpendicular distance from F to line c d. This will be the true 
lever arm for R, and the moment of R will be the product of li and 
the distance D. 

Since tbe moment of P meaauree the rotative effect of this force snd 
the moment of R measures the rotative effect of the resistance, it la 
clear that If tbe lever Is to balance, these two momenta must be equal. 
If L 1b longer than D. as it is in this case, then R must be enough 
greater than P to make up tor this, or otherwise the lever would begin 
lo turn abovit F. Thia, In suhstance, is all there is to the principle of 
moments. Tlie principle states that, If a body is to be In equllibrltun, 
the sum of the moments of the forces which tend to turn it In one 
direction about a point Is equal to the sum of the moments that tend 
to turn It in the opposite direction about the same point. In other 
words, if a body la to balance about a point, the opposing r 
must be equal. 

Calculation of Blmple Lovers 

W« will now be readr to solve examples of tbe lever by the aid I 
of the principle of moments, and we will first consider that the weight \ 
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1 flf tlie lever may be neElected. Bud that there are only two to 
ing — the push or pull — which is applied to the lever, and the resistance 
overcome, these being balanced, of eourse. by the pressure at the 
fulcrum, whleb, In reality. Is another force, but which need not be 
considered tor the present, at least. 

In Fig. 8 is shown a lever supported on the fulcrum F. At one end 
a push, P. of 10 pounds. Is exerted, and al the other end Is a reslstanre 
K, in the shape of a lOO-pound weight. The distance from F to P is 
40 Inches, and from F to R, 4 Inches. The principle of moments states 
that when a lever Is in balance, the moment of the force tending to 
turn It In one direction must equal the moment of the force lending 
to turn it in the opposite direction. In Fig. B the moment of force P 
about fulcrum F. tending to depress the left-hand end of the lever, Is 
10 X 40 = 400 Inch-pounds, and the moment of force n Is 100 x 4 = 400 
Inch-pounds also, so that the lever is In balance. 
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Now, suppose that we had P, R, and the distance from F to H given 

' Id Fig. 8, and that we wanted to find the distance from F to P. wblch 

we will call X. By the principle of moments we have. 

Moment of P = 10 y. x. 

Moment of fi = 100 x 4 = 400. 

But these moments are equal; hence, 10X1^^400, and 1 

have to do is to And the value of x. It Is clear that, it ten times tlM 

distance i = 400. the distance x must be 1/10 of 400. and all we have 

to do is to divide 400 by 10. giving 40 Inches as the distance x. 

Again, suppose It were desired to Ond the resistance R, the other 

intlties being known. For convenience we will take the moment at 

t llTst. because this contains an undetermined value. This Is always 

^ good rule to follow. 

Moment of R:=4XR- (It makes no dlRerence whether t 

^ Ihe B is written Drst. but It Is usual to write the figure first.) 

Moment of P = 10 x 40 = 100, 



Then 4 x R = 400, and R = 



400 



= 100 pounds. 



I Theae simple examples contain all that need be known 

ana where there are only two forces acting; but to make 
^11 clearer, a more genera) example will be taken- 



1 
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In Fig. 9 the lever shown is pivoted at F, which serves as the ful- 
cram. A push P is exerted by the rod at the right, which receives its 
motion from the cam and roller, as indicated. This push acts to over- 
come a resistance R, which acts along the rod seen at the left, and 
which may be supposed to consist of the resistance of the spring coiled 
around the rod, and of any piece of mechanism that this rod may have 
to operate. Let it be required to find how great a push, P, is necessary 
to overcome a resistance, R, of 250 pounds. The first thing is to find 
the length of the true lever arms, since without these the moments 
cannot be determined. To do this, first draw lines through the points 
on the lever at which the forces act, and in the direction in which 
they act Thus, the force P acts at the point C, and the line D H indi- 
cates the position and direction of this force. Likewise the force R 
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acts at point B, and line A B indicates the position and direction of 
force R, 

Now, the lever arm of force P is the perpendicular distance from F 
to line D H, and the lever arm of force R is the perpendicular distance 
from F to line A B, Assume that these distances measure 8 and 16 
inches, respectively. Then, 

Moment of P = 8 x P. 

Moment of 12 = 250 X 16 = 4,000. 

4,000 

8 X P = 4,000; and P= = 500 pounds. 

8 

Esample, — Suppose P = 400, R = 150, and the short arm =: 6 inches. 
What is the length of the long arm? Answer — 16 inches. 

The safety valve in Fig. 10 is an example of a lever in which there 
are three forces to be considered, if we take into account the weight 
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ot the lerer, which is quite essentUl to do. Tlie vmlre at F is acted 
upon bj th« pressure of the steam, tending to raise iL This pressme 
coDStitotes the push P upon the lerer, which is resisted hj the sos- 
peoded weight H, and the weight of the lerer, which we win call Br 
The weight of the lerer is effectiTe at the point G, tlie center of grsTity 
of the lerer. This point can be found by balancing the lever on a loiife 
edge, tlie center of grarity being directly oTer the knife edge. The 
fulemm of tlie lerer is at F, and the lerer arms f or X, J^ and P are 
marked A, B, and C, respectirely. 
Example 1«—Assume that A = 30 inches, B = U inches, C=3 inches. 
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R=z 20 pounds, and Aj = 8 pounds. Find what pressure of steam the 
valve will carry. 
Moment of P=:3 X P, 
Moment of 12 = 20 x 30 = 600, 
■-^Mnt of B,=: 8 X 14 = 112. 

It Talve to balance, the moment of P must be equal to the sum 

ioments of R and Ri, for the moment of P tends to raise the 

Ad the other moments tend to hold it down. Adding the mo- 

if R and Ru therefore, we have 600 + 112 = 712, and this must 

712 

J the moment of P or 3 X P. Hence, 3 X P = 712, and P=: 

S 

1 1/8 pounds. This last part of the operation is like the work of 

fans examples. The 237 1/3 pounds is the total pressure upon 

to obtain the pressure per square inch that can be 

limply to divide 237 1/3 by the area of the valve. To 

mcL the weight of the valve and stem should be 

1/8. 

were desired to carry a total pressure upon 
With the other dimensions remaining as 
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D be provldedt Again, lak- 



betore, hoiv heavy a weight R would have U 
ing momcRtB. we bave, 

Moment ot ft = 30 X J(. 

Moment of ft, = 8 X 14 = 112, 

Moment otP =300 x 3 = 900. 

Tbe Bum or tbe flrst two moments must equal tbe last one, but v 

cannot add them as the; stand, because we do not yet know what tb« I 

firEt one ta. Hence we will indicate the addition as follows: 

30 X ft + 112 = 900. 

Those who have bad a little practice wltb lormulas will have c 

trouble with finding the value ot ft; but for the benefit of those who 

have not, It can be eaid that we subtract tbe 112 Irom 900 and 

proceed as In the other examples. Thus, 900 — 112 ^78S, whence 



30 



= 26 4/15 pounds. 



The roltowing explanation will make the reason for subtracting 112 I 
from 900 clear. We have found that the moment of ft Is 78S; of R„ j 
112; and of P. 900. Now, |[ TES added to 112 equals 900. 900 must bo | 
112 greater than 788, and T88 must be equal to 900 with 112 subtracted 
from It. Again, taking the formula as we have It, if 30 X ft plus 
equals 900, 30 X ft must equal 900 with 112 subtracted from It. 
Calculation of Compound liovers 

It often happens that It is necessary to use two or more levers c 
nected one to tbe other lu a series, where it would not be convenient 
to obtain tbe desired multtpllcatton with a single lever, or where It Is 
necessary to distribute the forces acting. In such cases the ievers are 
called compound levers, and their application Is found In testing ma- 
chines, car brakes, printing presses, and many other machines and 
devices. Probably the most familiar example is that of a pair of 
scales, and we will take this to Illustrate the method of making the 
calculations lor compound levers. 

In Fig. 11 Is a diagram showing an arrangement of levers that might 
be used for platform scales. The fulcrums ot the various levers are In 
each caae marked F. The scale plattorm Is at E, bearing at each end 
on levers C and D, and loaded at the center with 1,000 pounds. A pres- 
sure o( 500 pounds, therefore. Is transmitted to lever C at a point G 
Inches from the fulcrum, and GOO to lever D. As lever D is propor- 
tioned exactly tbe same as that part of lever C to the left ot tbe center 
line of the weight — that is. as the distance from F to L in each case Is 
exactly 4 feet, and the short arms are each 6 inches long — it follows ' 
that the final effect la the same as (hough the whole 1.000 pounds acted \ 
at a point fi Inches from the fulcrum F of the lever C. 

Continuing through the various connections, the right-hand end of C 
pulls down on the lever B at a point 8 inches from Its fulcrum, and 
this In turn pulls down on the scale beam A at a point 4 Inches to the 
left of Its fulcTum, and lifts the weight ft. Question: What weight at 
ft is required to balance the 1,000 pounds on the platform, assuming ■ 
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THE CENTER OP GRAVITY* 

Tbe force of gravity Is exerted upon every one of the partldea ^ 
compoetng a body. Tbe number of gravity forces acting upon a bodj- 
maj therefore be conaidered equal, to the number of particles cora- 
poalng It, The sum or resultant of these ladivldual forces constltulea 
the aggregate gravity of the body; and that point In the body at 
which may be applied a alngle resultant force tbat will have an effect 
the same as that of all tbo gravity forces acting upon Its separate 
partlclee, is the center ot gravity of the body. The center of gravity 
of a body will, therefore, be given by the position of the resultant of 
all the gravity forces acting upon its particles. If a body Is sup- 
ported uiKin lis center of gravity. It will be la equilibrium In any 
position, and will have no tendency to rotate. This la, In substance, 
a definition that la sometimes given (or the center of gravity. 

Each one of the gravity forces acting upon the particles of a body, 
eicepl those forces whose lines of action pass through Its center of 
gravity, la producing a moment, and has a rotative effect. Tbe lever 
arm of each moment is the perpendicular distance between the line of 
Bclion of the fore? and the center of gravity of the body. Every such 
moment tends to produce rotation in the body, and as rotation Is not 
produced when the body Is supported upon Its center of gravity. It 
follows that the center of gravity ot a body Is tbat point at which 
the moments of all tbe gravity forces acting upon its particles balance 
each other, or, In other words, at wblch tbe resultant moment of all 
the gravity forces is zero. This fact may be made use of In deter- 
mining the poeltloD of tbe center of gravity. Different methods are 
employed for finding the center of gravity, according to tbe form of 
the body, or the arrangement of the system ot bodies, for which It 1b 
to be found. Some of these methods will now be explained. 
Center of Qravlty of L,lnea 

Tbe word line, as here used, means a material line; that is. a homo- 
geneous body of given length, having a uniform and very small trans- 
verse section, such as a flee wire. A theoretical line would, of course, 
have no width or thickness, and consequently, no mass and no gravity. 

Single, Straight Une 
The center of gravity of a straight line is at Its middle point, 
we conceive the line to be composed of uniform Individual particles, ' 
th« BTavlty of each particle will be the same; and the distance of 
each particle on one side ot the middle point, from tbat point, will be 
the same as that of the corresponding particle on the opposite side. 
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Hence, tbe moments of all the gravity forces acting upon the part^ 
cles» taken about the middle point of the line, will balance, and that 
point will, therefore, be the center of gravity of the line. A straight 
line will balance upon its middle point; if supported upon that point, 
it will be in equilibrium in any position, and will have no tendency 
to rotate. 

Two Straight Lines of Different Ijength 

Let A B and C D, Fig. 12, be two straight lines of any lengths and 
having any positions with respect to each other. The center of gravity 
of each line is at its middle point, as O and Ox. If these two centers 
of gravity be connected by the straight line O O^ the center at gravity 
of the system will be somewhere on this line. Draw the line O B, 
equal and parallel to O^ B = ^ A B; on the opposite side of O O^ lay 
off on the line B A, a length of Ox Ox equal to 00^:^'^0D, and draw 
BxOx> The point g^ where the lines OOx and BxOx intersect, will be 

A Si-3 B ^WB 
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the center of gravity of lines A B and C D. If the given lines are 
parallel, OB^ is simply laid ofT on O D prolonged. The distance Ox g 
may also be calculated; it is given by the equation: 

CD XOOx 

Oxg= 

AB-f CD 

Perimeter of the Triangle 

Let ABC, Fig. 13, be any plane triangle, in which D, E and F are 
the centers of gravity of the three respective sides. Join any two of 
these centers, as D and E, and on this line determine, by the method 
just explained, the center of gravity c of the two sides Joined. To do 
this, join E and F; the line E F will be equal and parallel to C D; 
then lay ofT D Ex equal Xjo C E; the intersection c of the lines D E 
and Ex F will be the center of gravity of the sides B C and C A. Now 
lay off FBx = ^AJ& + ^BD and draw EBx\ the intersection g of 
the lines E B^ and c F will be the center of gravity of the three sides, 
or perimeter, of the triangle. 

Circular Arc 

Let ABC, Fig. 14, be the arc of a circle whose center is at O; A C 
is the chord and B is the middle point of the arc The center of 
gravity of the arc will be at some point g on the radius OB^ at such 
'latance from O that 
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Oa = 



ABC 



Center of Qravity of Plane Surfaoes 
A tbeoretlcal surface has no thickness, and, therelore, no mass Bud 
no gravtti. In mechanical problems, however, it Is often necessary to 
And the center of gravity of a plane Hgure, or, more correctly, that 
point In Its surface corresponding to what would be the center of 
gravily of the Dgurc, were It a material body of uniform thickaess. 
As here used, therefore, the ward surface may be taken to mean a 
material surface, such as a very thin, homogeneous plate oF a piece 
of cardboard. 

Axle of Symmetry 

It a plane figure can be divided by a straight line tn such a manner 

that the two parts of the Bgure will exactly coincide when folded 

together along the line, the line so dividing the figure is called an 




aila of symmetry. The diameter of a circle and the diagonal of a 
square are axes of symmetry for those figures. 

The center of gravity of a plane figure having an axis of symmetry. 
must lie on such axis; It the figure has more than one axis of sym- 
metry, the center of gravity must be at the intersection of the axes. 
Lei A B, Fig. 15, be a diameter of a circle whose center Is at 0; It is 
also an axis of symmetry, for, If folded along this diameter, the two 
parts of the circle will exactly coincide. If, now, we consider the area 
of tbe circle to be composed of straight lines perpendicular to A B, 
which are not shown Id the figure, tbe diameter A B will bisect each 
line: In other words. It will pass through the center of gravity of each 
line composing the area ol the circle. Hence, the center of gravity at 
the entire system of lines composing the area of the circle, which will 
be tbe center of gravity of the circle Itself, must be some point on the 
diameter A C. In like manner It can bo shown that the center of grav- 
ity of the circle must He on any other diameter, as the diameter C D. 
Consequently, the center of gravity of the circle must be at the center I 
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0. the only point common to ftll diameters. That Itxt center of srsTitr 
of Ibe circle Is at tbe geomelrlcml eenler of ibe flgar« Is so evident 
■s to BCKrcely require proof; but tbe circle serTcs as & rery simrle 
example to Illustrate the process of reaaoDlng. which applies to anr 
place figure bavlDg two axes of symmetry, such as a circle, ellipse, 
rectangle, rhombus. eQulIateral triangle, square, or any regnlar poly- 
goD, and aUo lo the perimeters of euch figures. 

Center of Qrarlty of Pana of Circles 

Semicircif. Tbe center of gravity 1b located on Its axU of symmetry, 
at a distance ol 0.4241(- from the center of tbe circle, r being the radius 
ot tbe circle. 

Sector of a Circle. The center of gravity Is located on Its axis of 
synunelry. at a distance x from the center of th* circle, the Talue of 
X being given by tbe equation: 

31 
Id which c Is the chord and r tbe radius of the circle, and I the length 
of the arc 

Quadrant of a Circle. Tbe center of gravity is located on Its axis of 
eyinmetry, at a distance ot 0.4Z14r from each radial side, or O.eOOZr 
from the center of the circle, r being the radius of the circle. 

Begment of a Circle. The center of gravity Is located on Its ails ot 
symmetry, at a dUlance x from the center of the circle, th« value of 
z being given by the equation: 



In which c Is the chord and a the area of the segment 
Other Surfaces with Curved Outlines 

Parabolic Surface. The center of gravity Is located on Its axis of 
symmetry, at Z/S tbe length of tbe axis from tbe base. 

Bemi-parai>oJic Surface. The center of gravity U located at 2/5 ol 
the length of the axis of the parabola from the hase, and % the length 
of the seml.baae from tbe axis. 

Surface of a Hemisphere. Tbe center of gravity Is located at the 
middle of Its axis or center radius. 

Gravity Axis 

It la not necessary, however, for a plane Qgure to have two, or even 
one, axis of Eymmetry, in order that Its center ot gravity may be deter- 
mined. Any plane figure can be balanced upon a knife edge. The 
position ot the knite edge will be defined by a slraiEht line In such a 
position that tbe moments ot all the gravity forces acting upon the 
particles composing the surface on one side of the line will just ttalance 
the moments of those on tbe other side. This line, about which the 
moments ot the gravity forces balance, will here be called a gravity 
axis. By a process of reasoning analogous to that employed In fludlng 



THE CENTER Of GRAVITY 



3E , 



the center of graTlty ol the circle. It can be shown that every gravity 
azla of a plane figure contalnB the center of gravity ol the figure. 
Consequently, the Intersection of any two gravity axes determlnea the 
position of Its center ot gravity. It should be noticed that in many 
practical problems It 1b necessary to find tlie position of a gravity axis 
only, the exact center of gravity not being required. 

TrtanElB 
Let ABC. Fig. 16. be any triangle; the line C D extends from the 
vertex C to the middle ot ttie opposite side. It we imagine the area 
of the triangle to be composed ot straight lines parallel to the base A B, 
each of these parallel lines wilt be bisected by the line C D; that la, 
the line C D will pass through the center of gravity of each of the 
parallel lines. Every line composing the area of the triangle, and, 
consequently, the triangle as a whole, will ]ust balance upon the line 
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C D, which will be a gravity axis ot the triangle. It, also, a line ba 
drawn trom any other vertex of the triangle to the middle of the 
opposite side, as the line A E, U will also be a gravity axis. As the 
center ot gravity must lie on both these gravity axes, it must be at 
tbelr Intersection g. It la not necessary, however, to draw more than 
one gravity axis, in order to detenntne the position ot the center ot 
gravity of a triangle. It a line be drawn from any vertex to the 
middle ot tbe opposite side, the center ot gravity of the triangle will 
be on this line and at two-thirds the length of the line from the vertex. 
TbuB, the center ot gravity g, Fig. IG, Is at two-thirds the length ot 
A E from A. two-thirds the length of B F from B. and two-thirds 
length of CD from C; Its position may be located on any one ot 
lines. 

Trapezium 
There are several quite satisfactory methods tor Qodlng tbe center 
of gravity of a trapezium. The following simple method Is probably 
as eipeditlouB aa any, and, as it depends upon the method Just < 
plained for flndlnx the center of gravity of a triangle, and Is r 
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connected with that method, it has the adrantage of being easily 
remembered. 

Let A B C D, Fig. 17, be any fourHBided plane figure. Consider it 
first to be diyided into the two triangles ABC and ADC. The points 
E, F, G, and H are the centers of the respective sides, the common side 
A C not being drawn. The Intersection c of the lines A F and C B \a 
the center of gravity of the triangle ABC, and, similarly, the inter- 
section d of the lines A O and C i7 is the center of gravity of the 
triangle ADC, The line c Cj connecting these two centers of gravity, 
will be a gravity axis of the entire figure. The trapezium is then 
considered to be divided into the triangles BAD and BCD, and, by a 
similar construction, the position of the gravity axis c'c^ is deter- 
mined. The intersection g of these two gravity axes will be the center 
of gravity of the trapezium. 
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For this construction, it is not necessary to draw the entire portion 
of each constructional line, as shown in the figure, but only such 
portions of the lines as are necessary to locate their intersections. 
Some may prefer the construction shown in Fig. 18; it is the same as 
that shown in Fig. 17, except that only one gravity axis is drawn for 
each triangle, and the center of gravity of the triangle located at two- 
thirds the length of the axis from its vertex. 

Trapesoid 

If the figure is a trapezoid, the following construction, taken from 
Traut wine's E^ngineer's Pocket Book," is a very simple method of 
finding its center of gravity. Let A B C D, Fig. 19, be any trapezoid 
for which the center of gravity is to be found. Prolong the two paral- 
]el sides in opposite directions, making each prolongation equal to the 
other side, and join the extremities of the prolongations by a straight 
line; also join the centers of the parallel sides. The intersections of 
tliese lines will be the center of gravity of the figure. Thus, in the 
A4t is made equal to DC, and CC^ equal to AB, and the 
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extremities of the prolonsations joined by the line AjCt* while the 
line OOi Joins the centers of the parallel sides; the intersection ff of 
the lines A,Ci and 0^ is the center of gravity of the trapezoid. 

Irregular Figure 

The center of gravity of any irregular figure bounded by straight 
lines may be found by dividing it into triangles, finding the center of 
gravity of each triangle, and then finding the center of gravity of the 
system of triangles, the area of each being considered to be concen- 
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trated at its center of gravity. For finding the center of gravity of 
the system of triangles, the method of rectangular co-ordinates may 
be employed. Let ABODE F, Fig. 20, be any irregular figure bounded 
by straight lines. By the lines AC, AD, and AE the figure can be 
divided into the four triangles ABC, A CD, ADE, and AEF, whose 
centers of gravity, Qt, g», Ot, and g^ may be found by the method ex- 
plained for triangles. Draw the vertical and horizontal axes 7 and 
OX, Intersecting at 0; these may be any vertical and horizontal lines, 
but it is generally convenient to draw them through the left-hand 
and lower extremities of the figure, as shown; OX is the axis of 
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absclsBSs and O F is the axis ot ordloates. Tbe lloai r^ x^ t^ and r, 
are, respectively, the absclasaB of the centers ot gravity from the ails 
of ordtnatea; and the line y„ Vn Vu and y, are, respectively, tbe ordl- 
nates of tbe same points, or their perpendicular dlatancea from tbe axU 
ot absciaaas. It a,, a,, a. and a^ represent the areas of tbe four respec' 
tlve triangles, then the abscissa x to the center of gravity g of the en- 
tire llgnre will be given by the equation: 



0, + o, 4- «, + o. 
and the ordinate y to tbe same point will be give 



by tbe equation: 



v=- 



i- a, 4- o. + o. 

This method applies to any figure or system ot figures, either sepa 
rate or Joined, that can be divided into triangles or other simpler fig- 
ures such that their centers of gravity and areas can be determined. 
It will also apply to a system of weights or solid bodies. 
Center of Qravlty of Solid Bodies 

The center ot gravity of a sphere, spheroid, cylinder, cylindrical 
ring, cube, prism, parallelopipedon or any polyhedron is at the geo- 
metrical center of each body. 

The center of gravity ot a cylinder or prism is at the middle point 
ot a line Joining the centera of gravity ot Its parallel surfaces. 

The center ot gravity ot a hemisphere Is on Its axis, or radius per- 
pendicular to its base, at % length of the radius from the center ot 
the sphere. 

The center of gravity ot a right cone or right pyramid is In the line 
joining the vertex with the center of gravity of the base, at 14 the 
length ot the line from the base. 

If a body be suspended freely at a point other than its center of 
gravity, its center ot gravity will be vertically below the point of aus- 
pension. This principle affords an easy melhod o( Qndlng tbe center 
□f gravity ot any body, as described In the second method tor finding 
experimentally the center ot gravity of any plane figure. 
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THB FIRST PRINCIPLES OF THE STRENGTH 
OF BEAMS* 

Having mastered the written engineering language sutDclentt? to 
deal succesBfully with formulas, the next step la to make the acquaint- 
ance of Buch engineering terms as are most freqnently met with. Fore- 
most among these are the terms relating to the strength of materials, 
and more especially the strength of beams. 

If a bar Is laid acrosa two supports as In Fig. 21, and a weight placed 
In the center of it, we shall, it the bar be Umber, witness the bending 
of the bar as shown, or as eKpreaaed In engineering terms, the deSec- 
lion of the bar. It ia obvious that the atlffer the bar, the less the 
deflection, and that a bar might be ao lacking In stlCFness as to actually 
break when the weight la placed upon It. Now the bar mar lack etltt- 
oess from one or two causes; It may be that Its dimensions are not 
well proportioned, or it may t>e made of soft and pliable materials. 
Sometimes both these causes are combined in the same bar. It the 
bar does not break when the weight is placed upon It, we must admit 
three facts; first, that the weight bends the bar; second, that the bar 
resists the bending; third, that the bar is able to resist the bending 
because It Is large enough and made of stiff enough material. 

Important DefloltloDB 

The Itendlng effect that the weight has upon the bar Is called the 
Itending moment upon the bar due to the weight. The ability of th« 
bar to resist the bending is called the moment of resistance at the 
bar. How these names flrst came into use tbe author does not know; 
perhaps there Is no esplanatton, but the reader must not confuse tha 
terms with any period of time because of the word moment. Time 
has nothing whatever to do with the strength of the bar, or the effect 
of the load upon It, except for such materials as wood, when loaded 
near to the limit of endurance. 

In F'lg. 21, the point at which the greatest bending occurs is directly 
under the weight, and we say the bending moment la maximum at 
Ibis point, and the moment of resistance of the bar must equal the 
maxlmvm 1>enHna moment at this point in tbe bar. In using the 
term bending moment, the engineer usually means the maximum bend- 
ing moment, because this has the greatest bending effect upon tbe bar, 
and we shall hereafter drop the word maximum. 
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Belatlon between BendliiB Homeat sad Moment of BeslstSBoa 

we let M = the bending moment on the bar, and R = the 
of reBlBtance of the bar, we can espreaa the relation of the 
Iwo as given above thus: 

M = R (33) 

We said that the mazlraum bending moment was under the weight, 
and If the weight Is pla^'ed further along on the bar, nearer one sup- 
port than the other, the maximum bending moment will move wltii 
the weight. Also, if the bar 1b dlETerently supported, the maximum 
bending moment will be at another point. For all cases of frequent 
occurrence, engineers have tables of formulas giving the pOBlllon and 
amount of the maximum bending moment, so that it is only cecessarr 
to find in the tables the same case ae the one we are coDsiderlng. and 
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taking the formula there given, aubatltute tor the letters the corre- 
sponding dimenslona in our case, and we have a numerical expression 
lor the bending moment. The formulas given In these tables conalst 
Of combinations of dimensions measured along the bar, and weights 
of the toads on the bar. If, when subatltutlng values tor letters la 
the formula, loads are taken in tone, and distances in feet, the bending 
moment will be expressed la fool-tons, while if loads are taken in 
pounds and distances in Inches, the usual custom, the bending momeni 
will be expressed In Inch-pounds. 

Table 2 is a small portion of such a table as ma; be found in any 
book on machine design in any drafting-room or [actory. as well as 
In all the handbooks Issued by the steel mills. 

So much for the first member of our equation, the bending moment 
on the bar. We have already seen that the bar offers resistance to 
bending by reason of two things: its dimensions, and the character o' 
Its material, and we should expect to find both dimensions and 
JnaterialB accounted tor in the formula tor the moment of resistance 
ot any bar. This Is just what the formula (or the moment of resist- 
ftnce does. It Is composed of two parts or terms, one of which 
B the resisting effect of the material of the bar. and the other 
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«xpreMlDg the resisting effect possessed by the bar because ol its shapa 
and size. Let us investigate each term by Itself, taking first the resist- 
Ing eflect of Ibe material. 

Tension and Compression StrSHHes 
Let tbe reader take an orilinary rubber eraser of tbe form shown 
In Tig. Z2, and bend it as shonn In Fig. 23. While holding the eraser 
In the beat poBltion, draw a sharp knife across the lop side. Tbe cut 
Immediately spreads out iu tbe form of a V as sbo'.vn at a. Draw the 
knife a second time through the same cut and the V spreads Et little 
more. Now draw the knife across the bottom. Tbe cut Immediately 
closes up as at h. Draw the knife a second time across the same cut 
and It will still close up completely. In making tbe second cut on 
this aide it may be necessary to release the eraser from the bent posi- 
tion, because tbe closing cut grips the knite blade and makes cutting 
dIfBcult, but the cut will close, upon again bending tbe rubber. 



f?sSs=3 




Having made the two cuts a and b. reverse the l>end in the e 
and witness the ctoalng of cut a and the opening of cut b. Now It 
you are a careful experimenter, you can start two such c 
6 directly opposite each other, and by cutting each 
amount each time, you can succeed In bringing them nearly together 
In the center as shown at c. Of course, It will be Impossible to bricg 
Ihem quite together, because that would cut tbe eraser apart, but by 
a little care you can satisfy yourself ot these facts: that the portion 
ot the eraser above the center line xx separates when cut; aud that 
the portion below the line closes when cut. Reversing the bend ot 
the eraser as before reverses the behavior of the cuts, but observe that 
vhlchever nay tbe eraser Is bent, the opening cuts are to be found 
on the convex side, and the closing cuts on the concave side. 

We Icnow that all material (engineering and building material at 
'least) Is composed ot Qbers, and we must conclude from tbe behavior 
:or our eraser that all the fibers on the convex side of the line x a 
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are sirelcbed when tbe eraser Is bent, wblle the fibers on the concave 
Elde ot r X are compreaaed. Since the cut (brougb tbe Gtr<?tcbed flbert 
opens like a V, ne may conclude tbat those fibers lying at tbe top of 
the V are stretched more before tbe cutting than those lying at (he 
point of tbe V. A careful examination of Ibe cut made through the 
compressed Bbers will show that at the outer pordon of tbe cut, the 
edges are raised allgbtty, while at the inner porllon, near the center 
of the eraser, the edges are not raised. We can account for Ihla only 
by assuming that the Qbers at tbe outer portion are more compressed 
than those near the center of the eraser. 

Having performed these experiments and noted ibe results, we mast 
admit tbe Cotlowing tacts: 1st, that half the fibers of a bent bar are 
in compression while the other halt are stretched, or. as engineers say. 
are In tension: 2nd. that the amount ot compression or tension is 
greatest at the outer portion of the bar, and dlmlntsbes towards tbe 
center ot the bar; 3rd. that It follows from this, as nell as from 
experiments with cut c, that there must be a line through the center 
of the bar where the fibers are neither in compression nor tension. 
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Now the St>ers resist any change in their condition, either stretching 
or compressing, the amount of resistance differing in different ma- 
terials. Iron libers more than rubber fibers for instance. When a 
bar Is bent, engineers speak of tbe fibers as being under stress, some 
being under compressive stress, and others under tensile stress, as we 
have seen, and they speak of tbe bar as being subjeclcd to fiber stress. 
Now, fiber stress is expressed in pounds per square inch, and it is the 
duty ot the engineer when designing a beam or other structure to keep 
the fiber stress within sate limits, and these safe limits are given 
In hand books tor a great variety of materials, In tables ot which 
Table 3 Is a sample. 

Factors Detennlnlaff the Moment of Beslstance 

Since tbe materlsl composing the bar derives its abilily to resist 
benJlng by reason of the resistance of its fibers to changes, the fiber 
stress must be one of the terms expressing the moment ot resistance 
of the bar. The floer stress is denoted by the symbol f. The second 
term of tbe moment of resistance ot the bar takes into conslderatloa 
the strength Ihc bar derives from Its dimensions. 

Bend the eraser in the direction of its greater thickness. We note 
H takes a much greater force to bend it thus than to bend It as we 
dtd at first. In the direction of Its least thickness. If we repeat the 



STRENGTH OF BE^MS 



43 



experlmenlB with the culs while bending the eraser thua, we shall find 
Uiat everythtng wftnessed before holds good Tor this case also. If we 
leok for a reason (or the greater force required to bend the eraser in 
the direction ot Ita greater thIcUneas, we shall find U in the (act 
preclotiBly obeerved, Itiat the fibers are more stretched or compressed 
the further they are from the center line x x. and thus they present 
greater resistance to bending. The line x x Is called the netilral oris, 
liecanse on it the fit>ers are neutral, being neither stretctied nor coro- 
Xiressed, and the fibers at the outer portion o( the bar are called the 
«xtreme fibers, becauee they are furthest removed from the neutral 

SXlB XX. 

The Becond term of the moment of resislance, taking account of the 
jBhape and slie of the bar, ta called the section factor, sometimes also 
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called the eectfon modulus, Z, and Is given In all band books in the 
■hape of tablea for different shapes of beams, In the style shown in 
Table i. 

The neutral azts vi' is not always in ihe center of the bar. but it b1- 

najB passes through the center ot gravity of the cross section of the liar. 

Center oF Gravity 

Here we shall have to digress for a moment, aince It la the Inten- 
tion to leave no term unexplained. The reader majr best become 
■eqoatnted with the center of gravity in the following manner: Cut 
out of stiff cardboard the shape of the cross section of the bar, and 
Italancc it over a sharp edge, In a manner as shown In Fig. 24. Draw a 
line across the card corresponding to the edge over which it Is bal- 
anced. Repeat the exrerlmeot, turning the card around on the edge, 
and. balancing It a second time, draw another line. The intersection of 
these two lines will be the center of gravity of the section of the 
beam. If the experiment has been done with sufficient care, the card 
nay be balanced upon a sharp point placed at the Intersection of the 
two lines, just as If the entire material of the card were placed verti- 
cally above the point. A definition frequently met with is: The center 
ef gravity Is that point at which the entire weight of a body may be 
considered as concentrated. 
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Another way of finding the center of gravity ia to suspend the c 
by a fine thread alongside of a plumb line, and when tbe card and 
line have come to rest, mark the poslllon of the plumb line on the 
card. Turn the card around, and suspend a second time from a differ- 
ent point, and mark the position of the plumb line again. Where tbe 
t«o marks of the plumb line cross will be the center of gravity of Ibe 
figure. N'o matter from how many points the card may be suspended, 
the plumb line will always be found to pass through the center ot 
gravity. A line In the center of the beam directly opposite the center 
of gravity thus found will be the neutral axis. 

Equation Tor Bending Moment 

If we now take (he equation expreaslng the relation of the bending 
moment on the bar to the moment of resistance of the bar. and use 
the symbols (or the two parts of the moment ot resistance, we aball 

af=:fi = /Z. 

Some tables do not give the section factors Z for all secllooa directly. 

/ 
but say It is — , and therefore we must understand this expresalon. 
V 

The denominator v ot the fraction Is the distance from the neutral 
axis z z to the extreme fiber ot the bar, see Fig. 25, and (he numerator 
1 is what is called by engineers the vionenl of inertia at the section 
ot the bar. Here again there Is a chance for confusion because of the 
use of the word inertia. 

Momoac or inertia 

The term moment ot inertia was originally employed when compar- 
ing the energies of rotating bodies. We know that a moving body 
possesses energy due to that property of matter which engineers call 
inertia. Inertia is not a force; 11 Is simply reslstanee. and Is due to 
the incapability of a dead body to move, or of a moving body to 
change its velocity or direction without the application ot some exter- 
nal force. Now the number of foot-pounds ot energy possessed by 
a moving body is equal to Vj M T^. where M is the mass ot the body, 
and T its velocity In feet per second. A moving body then, must be 
acted upon by an estemal force before it can be brought to rest. A 
rotating body Is almply a very large number of particles moving In 
circular paths about an axis called the axis ot rotation. Each mov- 
ing particle, therefore, possesses energy due to its Inertia, and the 
energy ot each particle is equal to ^ m v. where m Is the maaa of the 
particle, and v its velocity in feet per second. But the energy varies 
as Til v'. because simply dividing by 2 does not change tbo relative 
values. It is also obvious (bat the circumferential velocity ot each 
nartlcle varies as the distance trora the axis of rotation, which dis- 
tance or radius we call r. Hence, substituting r for v. the energy ot 
each particle varies as nn-". Suppose we imagine (hat the whole mass 
ot the rotating piece, that Is, tfae sum ot all the small particles m. Is 
concentrated In a circle that Is of such diameter that the energy poa- 
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Eessed by the entire maaa Is the same aa before. The radius oC thia 
Imaginary drcle la called the radius o( gyration, and is usually desig- 
nated by the letter r. Now we may soy that Mr', where .V stands 
tor the whole mass, la a measure of the energy of the rotating piece. 
This expression iff' Is given the name moment of inertia, each particle 
of which the rotating body Is composed poasesBlng a turning momeot 
about the axis of rotation, due to its motion and Inertia. 

When It was dlacovered that the flexure of a beam depended upon 
the value ar' (where a Is the area of tho cross section of the bar. and 
r' 1b the mean of the squares of the dlsIanceB of the Infinite number 
of amall areas inlo which the area of the section may be supposed to 
be divided, from the center of gravity of the section) or* was seea 
Id be similar to the expression Mr', which, in connection with the 
rolatlDg bodies, had already become linown as the moment of Inertia; 
80, very carelessly on the part of those who first committed the error. 
U was said that the flexure of a beam varied as Us moment ot Inertia, 
not because Inertia has anything lo do with it, for. of course, it has 
not. but because ar". the expression for the moment of resistance to 
flexure, happened to vary In (he same way as the moment ot Inertia 
5f r" Of the same body when rotating about Its center of gravity. 

The moment of Inertia of a bar may be calculated by several meth- 
ods, but the table In hand books give It for alt usual shapes of sec- 
tions, and we will not attempt the calculation here. 

DnlverB&l Formula for Bendlns Strenfftb of Beams 
Since we are sometimes able to find In tables only the moment of 
Inertia of a bar, and not the section (actor, we must bring our formula 
one step further, thus: 



Z = — = — (35) 

V 1 

and here we have the formula for determining the size required for 
any beam. 

For beams In which the center of gravity is not the center of the 
beam, there will be two values of y. one of which we will denote as 
pe. being the distance from the neutral axis to the extreme libers in 
compression, and the other as y,. being the distance from the neutral 
axis lo the extreme fibers in tension, eee Fig. 25. 

In some materials the ability of the fibers to resist tension Is about 
equal to their ability to resist compression, while In other materials 
there may be great Inequality in this direction, some being much 
stronger in tension than In compression, white others are stronger in 
compression than In tension. In such a material we shall have two 
valneB Of /, which we will denote as /„ and U for compression and 
tmslos, respectively 
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Ultimate and Safe StreeseB 

Some tables on the strength ol materials give what is called the 
ultimate or breaklog strength ol the materials, nhtle other tables give 
ibe sale working strength ot materials. 

When using the latter tables, the values given are to be substituted 
directly for /, and /, In the formula. Since It would not do to have 
the material or which a heam Is made strained up to the breaking 
point, we must, when using the former tables, make use of a factor 
of safety. This factor of safety la a divisor by which the breaking 
strength of a beam is divided to allow a margin of strength In the 
beam. The divisor varies from 2 to 10, and the proper use of dUterent 
divisors la given In the text books. 

To Illustrate, the breaking strength of steel may be given as 80,000 
80,000 

pounds per square inch, and =r 16,000. TC we substitute iG.OOn 

5 
tor f In tte formula, we shall be working out our results with a factor 
of safely o[ 5, and the beam should not actually break until loaded 
with five times the load designed tor. As a matter of fact, the beam 
would become badly bent long before flve times the load could ba 
placed upon it. 

Limit of Elasticity 

We have seen that all material deflects under the Influence of a load. 
and we suppose that the elasticity of the material causes It to spring 
back to Its original condition wben the load la removed. This Is true 
within limits, but there is a point somewhere between the safe load 
and the breaking load at which, when the load Is gradually Increased, 
the beam becomes strained beyond Its power to return to Its orlglnHt 
condition upon the load being removed. This point la variously called 
the limtl of elasticity, the yield point, the point of permanent seL 
Practical Examples 

Let us now take up two examples Illustrating the ground we bava 
just passed over, and the use of the tables. 

Example 1. A rectangular steel bar. 2 Inches thick, Is built Into a 
wail as in Fig. 26, and Is to hold a load of 3,000 pounds at Its outer 
end, 36 Inches from the wall. We wish to know the required depth 
to make the beam. 

1st. Consider the bending moment on the beam. According to Case 
1, Table 2, the bending moment Is 

ii=wi. 

For our ease we know W and we know I, and substituting these tor 
the letters in the formula gives us 

if = 36 X 3,000^108,000 inch-pounds. 

2d. Consider the permissible fiber stress in the steel bar. Table 3 

gives the safe working strength of steel as 16.000 pounds per square 

3d. Vslng Formula (35) -we can find the value of the section factor 
for our beam. We know the bending moment and we know the flber 
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stress, 80 substituting these for the letters in the formula we get 

M 108,000 

Z=5 — = = 6.75. 

/ 16,000 

4th. Find the section of our beam in Table 4, Case 1, where we find 
that the section factor is 

Z = . 

6 

We know Z and we know 6. so substituting these values for the let- 
ters, we get 

2X V 

6.75=5 . 

6 

If we multiply both sides of this equation by 6, we shall not change 
Its value, but shall get 

6X6.75 = 2 XV. 



-»-■ 




Fiff. 27 



If we now divide both sides by 2, we shall not change its value, but 

shall get 

6 X 6.75 

= fc* = 20.25. 



5th. We can most conveniently find the square root of 20.25 from a 
table of squares and roots which may be found in any hand book. 
This square root is 4.5, and we thus find that 

;i = 4.5 inches. 

If we make the beam 2 inches thick by 4.5 inches deep by 36 inches 
long, it will support a load of 3,000 pounds at its free end, and the 
fibers will be strained to 16,000 pounds per square inch. 

Example 2. Let us undertake to design a suspension beam like Fig. 
27 to carry ten tons, the material to be cast iron. The proposed section 
of the beam is more complicated than that of the previous example, 
and we cannot obtain a result quite so directly. 

1st. Inspect the proposed beam to locate the compression and ten- 
sion flanges. We find the compression fiange is on top and the tension 
flange on the bottom, and we mark them c and t respectively. 

2d. Table 3 shows us that cast iron is stronger in compression than 
fn tension, hence wc conclude that we should have more metal on the 
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tension side than on the compression side, and accordingly we place 
the section with the heavy side down. 

3d. Assume a section by making the best guess possible as to the 
dimensions shown heavy in the figure. Cut out this section of card- 
board, and find the location of the neutral axis a; a; as preyiously ex- 
plained. Now fill in the figures shown light by measuring the card- 
board section. 

4th. Find the section in Table 4. Here we find that before we can 
get the section factor of the beam we must get the moment of inertia 
of the beam. Substitute the dimensions of our section for the letters 
of the formula given in Table 4, and we shall get 

(0.75 X 8.8«) 4- (10 X 3.7M — (10 — 0.75) 3.2* 
ir= 

3 

511.1 + 506.5 — (9.25 X 3.2^) 



3 
1017.6—303.12 714.48 



= 238. 



8 3 

5th. Now divide the moment of inertia just found by the distances 

of the extreme fibers from the neutral axis, that is, by y, u^d yt, and 

we get 

I 238 

Zc= — = = 27, the section factor for the compression side. 

Vt 8.8 

I 238 

Zi= — = = 64.3, the section factor for the tension side. 

Vi 3.7 

6th. Inspect Table 2 and find the bending moment on the beam ac- 
cording to C^se 2; substituting the dimensions of the beam, and the 
load to be carried, in the formula given, we have 

W I 20.000 X 72 

M = = = 360,000 inch-pounds. 

4 4 

7th. Dividing the bending moment just found by the section factors 
found in the 5th step, will give the fiber stress on the beam according 
to Formula (35), thus 

360,000 

= 13,333 pounds per square inch on the compression side. 

27 

360,000 

= 5,600 pounds per square inch on the tension side. 

64.3 

The latter is too high, so another guess must be made, making the 
section heavier on the tension side. Then the steps 8, 4, 5 and 7 must 
be repeated, and if the fiber stress then comes below 8,000 pounds per 
square inch, the section will be right. 



Pilaolplaa and PrMtlcc of As- 
{ Mantilmr Tool*. I'^irl I 
U. PrUicli>I» UDd Practlo* of Aa- 
tg MBclilne Tool!. I'an 1 1 
B. Adv&uced 3bop Arlttmietlc for 

B. Oi« of IiOgarltluiia and tofftr- 



,_. _i Tt1uic1*i> Part I. 

txls. RulcB and Kxamplea. 

k. SolDUon of TrUnslM, Part II. 

)b. Ban BvbzIbbv. — Principles of 

n. BUlal Splnslng'. — M a c h i ia c •<. 

imi Methods Lsid, 

M. Halloal Ksd SUlpUo Mprliifa. — 

(1.in (1.1.1 Uesigii. 

M. MBChlnas. Tool* and Mttboda 

nnobua Monnf actura. 

PO. Cooatmctloa and MannfKOtnn 

g. Blackamlth Shop Fractloa. — 



Mo. 79. Losomotlva BalldiDir- f^r 
Main anJ Sid,' R.p.i^, 

Mo. 80. Iiocomotlva Bnlldlng, Part I 
^Wheels; Axlfs; Driving: Buses. 

Mo. SI. Locoinotl7e BolldiBr, Part I 

Mo. 83. XiooomatlTi Bttlldlnf, Part tV. 
— Vnlve Motli.u. — 

Mo. 83. ZiOcomotlTa BaUdlnr, Part 

lotiie BnlUinr. Part 



— ErpLiUig. 
Mo. 85. Machanical SrawiDK. Pnrt 

— liifltnimeniB, MiUTl.ilri. tiwmflrli'.i. 

Mo. 88. KechanloiU SrairliiK. Purl 11 

Mo. 67. MaobanlcaJ SrawlnC. Pun 111 

— MiicliUii^ Detjlis, 

Mo. 88. KecbaolcBl BiBWlne, Pnri IV 

-Mil.llllll' I.N'Ollls. 

Mo. D9. Tixa Tbaury of SbiinkaK* uid 



IV. 



H«at Tnatmant 



H. QaK* MakiSK and Iiapplnf . 

16. Pormnlaa and Conatanta 

BaatlDs and TantUatlOo 



Mo. 99. Opantlon of Hachlna Tool*.— 

Th- r-.tli.-. Piirt II. 

Mo. 93. OpantloD of XacMn* Toola.— 
ri.iti.T, !ilij.|.«r. Slutt.r. 

Ma. S4. OparaUon ot Kaohlse Toola.— 
nnillliK MacliLnoB. 

Oixratloii of KaobiiLa Toota. — 

Opeiation of MaoUna Toola. — 




i Data Sheet Books liicludi' Ibw wellknonu si'rleg Of Data ShH 
J by Ma(.iumiiiv. and Issued monthly as siipiileraenta lo the tiubllcathf 
t DAUt Sheets uver hm have been published, and e.UOO.UtitI ru|il€'s sold. R«- 
Bld grmtly amiilHled, Ibey are now presented In book turm, IUtidr>'d atith 
pouii«i togeiher. The ptircbaeer may secure either the booka f" 
^ whi ch he Is specially Interesled, or. It tift ftl**Mft, Vcie ^^Q\e w 
^"'Ywicti book la 25 oentB (one 3V\U\ti%\ 4e\\ta«4. wxT* 



ThlB treatise Is one unit in a comprcbt^nelve Series of Itererence boolCB orl] 
by Machi.ikrv, and Including an lodelinite number of compact units. «acli ol 
one subject tboraugbiy. The whole series comprlaes a complete working 
of mecbanical literature in which the Mechanical Eoglnepr, the Maeter Ma 
the Designer, the MaehiniBt and Tool-malier will find the special Intarmal 
wishes to secure, selected, carefully revised and condensed for blm. The 
are sold singly or in complete sete, as may be desired. Th« price ot eso 
l.t 110 ceuts loue sLElling) delivered mo'whei'e in tile world 

LIST OF aSFEBBNCE BOOKS 



H*. 1. Worm Ovkllar. — CalculatlnK Di- 
menHlona Tor Worm Gearing: Hol>s rnr 
Worm Gears; I.ocation of Pitch Circle; 
SelC-l^cklng Worm Gearing, etc. 

Ho. a. Drafttar-Boom Fiaotlo* . — 
Pnift1tiK-B'>om Bjalem; Traclnc. Lftlwr- 
Ing and Mounting; Card Index SyatemH. 

Xo. 3. SrIU Jifw-— Elementary Prin- 
ciples of Drill Jigs: DrIllliiK Jig Plales: 
EinmpleG of Drill JIkh: JTs BuBlilngs; 
UhIhe Jigs [0 Beet Advantuge. 

Wo. 4. KIIHbk rixtntMh — Elementary 
PrlHulpluB tSMniing Plitorea: Collectl.m 
Of BiamplM of Milling FIstura Deslgii, 
from practice. 

Xo. B. Tint PtlaolplSB of Thoorotloa] 



Ko. G. Pnsob and Dl* Work.— rrlncl- 
pU-H of Punch iind I>li> Work; Kuesi-adona 
for llie Making und Use of Dies; Examplea 
Ot Die and Fundi Oealga. 

Vo. T. I^t&a and Flaaai Toola. — Cut- 
ting Tools for Planer and Lathe; Boring 
Toots: Shape of Standard Shop Tools: 
Forming Toola. 

Xo. B. WoTktaf Drawtuxa and Draft- 
ing Xoom Klnki. 

Ho. 9. Dealgnlng and Cntttng Oama. — 



„ :■! C 

I and Ciim Cutting; 
1 Uuklng. 
Ho. 10. BzamplM 



Maolilua niop 



Ho. 11. Saarlngi.— 

Inga; Causes of Hr 



Ho. IB. 
■Ifn. — Compueo wiin spe 
shafting and efficiency < 
chlnery. 

Ho. 13. Blanlring Dlaa, 



hoisting 1 

Making Bin 

Piercing D 
of Split Dies: Novel Ideai 




Bpeeda: Feeds: Indeilng; Gearing I 
ting Spirals: Angles. 

Ho. 19. nao ol rormnlaa In MM 
— With numerous applicallona. 

Ho. 30. Iplral OaarlBK,.— Rules. ; 
las. and Diagrams, etc, 

■aaanitnc Tool*, — Htsei 



,^ln( 



of Standard Meaaii 



Ho. Ba. OalanlaUou 



iiT ol Oraao SmoI 

^,n„^r., CalculHtlon of SliafE. aea 
Bearings; Forte Required lo MuV) 
Trolleys; Pillar Cranes. 

Ho. 34. ZKanptos of Oslovlatt 

■Igiis.— Char 

RTveler Fra 
and Bar Pas 

Ho. IS. Dmb Kola DiUUsK.— 1 
of Drllilng; '" ■'— ■- ' - 

HO, 8fl, 






und 



Tog I 



Ho. 37. KooaHOdTa . , 

oilers, CyUndcrs. pljwa uiid i»l»( 
Ho. 98. &««onuti*« Soaigni Pr- 

■■ ■ ■■'Ollc.n: ThlMT] 



Steph 



1 Design cf 






Ho. 14. DataUa of Maoblns Tool Sa- 
wln. — Cone Pulleys and BhUk; Strenslh 
Drcounlershafts: Tiinililer Gear Design; 
Faults of Iron Castings. 

Ho. 15. Spur Oaartnff. — Dlmcneluna; 
Design; Strenglh; DurahllUy, 

Ho. la. KaoUse Tool Dt1t«b. — Spenla 
and Feeds of Machine Tools; Geared or 
Bln«lo Ptillpy Drives; Drives for High 
Spcei] Culling Tools. 

Stnagtb of Oyllsdsts — For- 
tiarts. i.rd DlaernmH. 
.Rbop AMUmaUc foe tU* Ib- 
— Tapers; Change Gears', CMUtlig 



WaJac 

Ho. SB. _ . 

— Smokcbox; Exliaust Plpp; 
Crnss-hwids; Guide Burs; CnnnectlB 
Crank-pln«: Axlea. Drivlng-irlii..fl| 

Ho. 30. KooomoUvs Doalga, l>a| 
Springs, Trucks, Cab and TendiT.- 

Ho. 31. Bcnw Vbzaad Toola aM 

Ho. 33. Scrtw Tliiaad CDttlaC' 
CtiHMgi.- •J^-irs. T)iliiL,l T,.(iU, Klnl 

Ho. 33. BTstaoia and Praetloa 
SralUsg -Boom. 

Bo. 34. Cars and Bopau of B| 
and Motors. 

Ho. 35. Tabloa aad ronttnlaa ft 

_. .. — Tl... rue ..f I 

-Innglea; SlreJ 
8cr<tw Tbrt-ni 



and DraftlBg-B 

liis; 8(-lii"'- 



Ho. 36. 
Ho. 37. 



aai Trealnienl. 

a«<Bl)W> — R nidi 

>lcs of Calj 

~h and Dui 



EXBinplfis 

To'jth Outlines; Strengil. _._ . 

Design; Methods of Cutting Te«t&, 



MACHINERTS REFERENCE SERIES 

EACH NUMBER IS ONE UNIT IN A COMPLETE UBRARY OF 

MACHINE DESIGN AND SHOP PRACTICE REVISED AND 

REPUBLISHED FROM MACHINERY 



NUMBER 20 



SPIRAL GEARING 



Third Edition— Revised and Enlarged 



CONTENTS 

Rules and Formulas for Designing Spiral Gears, by 
Ralph E. Flanders 3 

Diagrams for Designing Spiral Gears, by Francis J. 
BOSTOCK 25 

Herringbone Gears 32 

CSalculating Gears for Generating Spirals on Hobbing 
Machines, by Glenn Mufply 39 

The Setting of the Table when Milling Spiral Gears, 
by George W. Burley 47 



Conrrlgfat, 1912, The Indaitrial Preia, PaUlihcn of Maghzhbbt 
49-65 Lafayette Street. New York G\ty 



The present — ^the third — edition of this number of ICachinebt's 
Reference Series has been thoroughly rerised, and a considerable 
amount of new matter has been included. Chapters on "Herringbone 
Gears" and on "Calculating Gears for Generating Spirals on Hobbing 
Machines" have been added, and the chapter on "Setting the Table 
when Milling Spiral Gears" has been entirely rewritten. 



CHAPTER I 



RULES AND FORMULAS FOR DESIGNINO- 
SPIRAL GEARS 

In accordance with time-honored custom, this cootributton to the ttrt 
of designing helical or "spiral" gears opens wltb an apologjr. The 
subject iH one which, from Ita very nature, can be approached by 
anj one of a number of different ways, and It has been approached 
by BO many of these possible dUferent ways that perhaps the sub- 
ject has become quite confused In the minds of many readers of tech- 
nical literature. The writer does not offer the excuse of novelty In the 
methods presented In the following paragraphs, since soma of the 
details which were Independently worked out by him have been de- 
scribed by others. His reason for adding one more to the series of 
solutions of helical gear problems is that the method described appears 
to reduce the most serious of this class of problems (Class II, page 9) 
to Ita simplest elements. The method of procedure will be described 
without proof or comment. 

The terms "spiral gear" and "hellca! gear" are, in usage, synonymous, 
the only difference being that the former of these terms Is absolutely 
Incorrect. Inasmuch, however, as the word "spiral" Is In such common 
use among mechanics In this connection, the writer has not bad the 
moral courage to use the more proper term throughout this treatise, 
but it would be a good plan for the readers to become familiar with the 
term "helical" as applied to gearing. 

DlmeDBloDB and DednltlonB 

Some or the terms used will require explanation. The center angle 
□f a pair of helical or spiral gears Is the angle made by the two cen- 
ter lines or axes of the gears, as taken In a view perpendicular to both 
ai«B. In Fig. 1 are shown views of three sets of spiral gears taken 
In the plane which shows the center angle. At the left Is the ordinary 
case In which the shafts are at right angles with each other, so that 
the center angle (7) Is 90 degrees. In the second case 7 Is less than 
90 degrees, and in the example shown at the right It Is more. It 
should be noted In the last two cases that the position of the shaft 
axes Is Identical, but that the two center angles are located on opposite 
sides of axis A. In order to know on which side of the center line to 
take the center angle In cases like those shown, we have to reckon with 
the position of the teeth of the gears In contact. The center angle is 
taken at the side which includes the line x-x, passing lengthwise of the 
leeth of the gears at the point of contact with each other. Since the 
teeth are laid out differently In the two cases, the angles are different. 
The case shown In the center is much the more usual of the two. the 
other being very rare. 
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In Fig. 2 la given a diagram showias what Is meant t 
angle" of a helical gear. In using the expreeslon "tooU 
angle made by the tooth wlih the axis ot the gear Is mi 
angle of the tooth with the face of the gear. Fig. 2 sho' 
tooth angle of gear a. and a^ as the tooth angle of gear b 
sense In which we will use them. 

The number of teeth and the pitch diameter are tera 
identically the same as those used for apur gearing* an 
require no explanation. Practically all spiral gears are c 
and hence are reckoned on the diametral pitch rather tbaii 
pitch Sfatem. All the rules and formulas given will, the 
use of the diametral pitch only. This may easily be fou 
circular pitch by dividing 3.1416 by the circular pitch. 
distance fs, of course, the shortest distance between the 
Is measured along the perpendicular common to both of t 

The regular diametral pitch ot a spiral gear will be foi; 
BB for a Bpur gear by dividing the number o( teeth by tb( 




eter In Inches. We are not interested In knowing what 
ever, since 11 does not enter Into the calculations at all S 
cutter used has to be tor a somewhat Qner diametral pi 
shown more clearly In Fig. Z. The normal diametral pll 
etral pilch of the cutter used, Is reckoned from mesure 
along the pitch cylinder at right angles to the length of t 
represents the regular circular pilch, while P^' represent 
circular pitch. The diametral pitch may be found from t 
Ing 3.1416 by P,'. This Is the pitch ot the cutter to be ub 
ter, as explained on page 5. cannot be selected for the at 
ot teeth In the gear, but must take into account the bellx 
teeth as well, since the currature as measured on a line at 
to the helix Is at a greater radius than when measured oR 

The length of the helix, or the lead, as shown in FHg. S, 
of pitch cylinder required to permit one complete revol 
tooth If the latter were carried around for the full !e 
cylinder. In Fig. 4, the relation of lead, clrcumterenc 
angle Is plainly shown, the helU AB here being develop|| 

■ 8«« Uackinxii'b Belermee Srrlei No. IS. Spur Oeartnf, C 
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.1 Kenrfl ii I 

\ tooth at 1 
ictlon per- 1 



The addendum B, and wbole depth W ol the tooth lor helical i 
B ae tor plain apur gears. The normal thickneaa o[ t 
the pitch line, T,. aa shown Id Fig. 3, Is measured In a direction [ 
pendlcular to the face ol the tooth. The regular tooth thickness ta 
shown at T. but with this we are not concerned. The outside diam- 
eter, as for spur geara, Is found bf adding twice the addendum to tba 
pilch diameter. 

Rules for Oalculatlng SplraJ Q«ar DlmenaloDs 
The following rules are used for calculating the dimensions ot spiral 
or helical gears: 

Rule 1. The turn o/ the tooth anglft of a pair of mating hellcat 
gears H equal to the shaft angle; that Is to say, in Figa. 1 and 2. angla 
a, added to at equals -y. as is self-evident from the engravings. 

Rule 2. To find the pitch diameter of a Jielical gear, divide the num- 



— n 










ber of teeth by the product of the normal pitch ani the cosine of the 
tooth angle. 

Rule 3. To find the center dittanoe, add together the pitch diam- 
etera of the two gears and divide btl 2. This rule ia evidently the sama 
aa for spur gears. 

Rule 4. To prove the calculations for pitch diameters and center 
distance, multiply the number of teeth in the first gear 6v the tangent 
of the tooth angle of that gear, and add the numlter of teeth in tha 
second gear to the product; the sum should equal twice the product of 
the center distance multiplied bjf the normal diametral pitch. muttipHed 
bV the sine of the tooth angle of the first gear. 

Rule B. To find the number of teeth for which to select the cutter, 
divide the number of teeth in the gear bj/ the cube of the cosine of the 
tooth angle. 
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Hute 6. To find the lead of the tooth helix, multiply the pitch di- 
ameter by 3.1416 timet the cotanpetit of the tooth angle. 

The rules relatlns to the addendum and the whole depth of tooth 
are the same as for spur gears. They are: 

Rule 7. To find the addendum, divide 1 by the oormat diametral 

Rule 8. To find the Khote depth of tooth tpace, divide 2.157 by '^ 
normal diametral pitch. 

Rule 9. To find the normal tooth thickneit at the pitch tine, divide 
1.571 by the normal diametral pitch. 

Rule 10. To find the outside diameter, add Itoice the addendum to 
the pitch diameter. 

The problem or designing a pair of spiral gears preeeots Itself In 




general In two dltterent forms or classes, which may be stated as (ol- 
lows: 

Class I. The diametral pitch and the numbers of teeth In the two 
gears are given. 

Class 2. A Qied center distance Is given together with the velocity 
ratio or the numbers of teetb. with the requirement that standard 
cotters of even diametral pitch be used. 

Examples of Calculations Under Class t 

Let It be required to make the necessary calculations for a t>Rlr of 
[ Bpiral gears in which the shafts are at right angles. Normal dlain- 
etral pitch equals 3; number ol teeth In gear equals 45; number of 
teetb In ptolon equals IS. 

There being no restriction In this particular case as to center dis- 
tance we have to settle first on the tooth angles tor the two gears. To 
obtain the highest, efficiency, some authorities advise that the smallest 
tooth angle be given to the gear having the smallest number of teeth; 
and this angle should not. in general, run below 20 degrees, Keeping 
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it nearly 30 or even up to 45 would be better. On the basis a« == 
and Ob = 60 degrees, we hare the following calculations: 
To find the pitch diameters, use Rule 2: 

45 

Pitch diameter of gear= =30 inches. 

3 X cos 60** 

18 

Pitch diameter of pinion = = 6.928 inches. 

8 X cos 30" 

To find the center distance, use Rule 3: 

30 + 6.928 



7 

30, 



2 



= 18.464 inches. 




1%. 4. JMmgnan 
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To prove that the previous calculations are correct, use Rule 4: 
46 X tan 60<» + 18 = 95.940. 
2 X 18.464 X 8 X sin 60^' = 95.939. 

These two results are so nearly alike that the previous calculations 
may be considered fully correct 
To find the number of teeth for which to select the cutter, use Rule 6: 

45 

Vw gear, =360. 

(cos 60*)* 



8 No. JO-^PIRAL GEARING 

18 

For pinion, =28, approximately. 

(COB 30*)* 

To find the lead of the tooth helix, nae Rule 6: 

Lead for gear = 3.1416 x 30 X cot 60* = SiM inchea. 

Lead for pinion = 3.1416 X 6.928 X cot SO* =37.70 inchea. 

To find the addendum, use Rule 7: 

1 
Addendum = — =0.333 inch. 

3 

To find the whole depth of tooth apace, use Rule 8: 

2.167 

Whole depth = =0.719 inch. 

3 

To find the normal tooth thickness at the pitch line, use Rule 9: 

1.671 

Tooth thickness = =0.627 inch. 

8 

To find the outside diameter, use Rule 10: - 

For gear, 30 + 0.666 = 30.666 inches. 

For pinion, 6.928 + 0.666 = 7.594 inches. 

This concludes the calculations for this example. If it is required 
that the pitch diameters of both gears be more nearly alike, the tooth 
angle of the gear must be decreased, and that of the pinion increased. 

Suppose we have a case in which the requirements are the same as 
in Example 1, but it \b required that both gears shall have the same 
tooth angle of 45 degrees. Under these conditions the addendum, 
whole depth of tooth and normal thickness at the pitch line would he 
the same, but the other dimensions would be altered as below: 

45 

Pitch diameter of gear^ = 21.216 inches. 

3 X cos 45* 

18 

Pitch diameter of pinion = = 8.487 inches. 

3 X cos 45** 

21.216 +.8.487 

Center distance = = 14.851 inches. 

2 

Number of teeth for which to select cutter: 

45 

For gear, = 127, approximately. 

(cos 45)* 

18 

For pinion, = 51, approximately. 

(cos 45)' 

Lead of helix for gear =3.1416 X 21.216 X cot 45* =66.65 inches. 
Lead of helix for pinion = 3.1416 X 8.487 X cot 45* = 26.66 inches. 
Outside diameter of gear = 21.216 -f 0.666 = 21.882 inches. 
Outside diameter of pinion = 8.487 + 0.666 = 9.153 inches. 
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Examples of Calculations Under Class 3* 

In Class 2 the writer Is golDg to make use of tbe term "equivalent 
diameter." The quotient obtained by dividing the number of teelb Id 
a hellcat gear by tbe diametral pitch of the cutter used gives its a rerr 
useful factor for figuring out the dimensions of helical gears, so the 
writer has ventured to give it the name "equivalent diameter," an 
abbreviation of the words "diameter of equivalent spur gear." n-hlch 
more accurately describe It, This quantity cannot be measured on the 
Gnlshcl gear with a rule, being only an Imaginary unit of measure- 
ment 

Rule 11. To find the equivalent diameter of a helical gear, divide the 
namber of teeth of the gear bj/ the diametral pitch of (Tie cutter 6y 
which It is cut. 

Tlie process of locating a railway line over a mountain range Is 
divided Into two parts; the preliminary survey or period of esploratlon, 
and the Unal determination of the grade line. The problem of design- 
ing a pair of helical gears resembles this engineering problem in hav- 
ing many possible solutions, from which It Is the business ol the 
designer to select the most feasible. For the exploration or prelimi- 
nary survey, the diagram shown in Fig. 5 will be found a great COD- 
renlence. The materials required are a ruler with a good straight 
edge, and a piece of accurately ruled, or, preferably, engraved, cross- 
EeclloD paper. If a point, 0, be so located on the paper that B 0. the 
distance to cue margin line, be equal to the equivalent diameter of 
gear a. while B' 0. the distance to the other margin line, be equal to 
the equivalent diameter of gear b. then (when the rule Is laid diagon- 
ally across the paper in any position that cuts the margin lines and 
passes through point 0) D will be the pilch diameter of gear a. D' 
the pItcJj diameter of gear 6, angle BOD the tooth angle of gear a 
and angle B' O D' the tooth angle of gear 6. This simple diagram 
presents Instantly to the eye all possible combinations for any given 
problem. It is, of course, understood that In (he shape shown It can 
only l>e used for shafts making an angle of 90 degrees with each other. 

Tbe diagram as Illustrated shows that a pair of helical gears having 
12 and 21 teeth each, cut with a 5-pItcb cutler, and having shafts at 90 
degrees with each other and 5 Inches apart, may have tooth angles of 
36° S2' and 53° S'. and pitch diameters of 3 Inches and 7 Inches, re- 
spectively. 

Suppose It were required to figure out the essential dala for three 
Beta of helical gears with shafts at right angles, as follows: 

ist. Velocity ratio 2 to 1, center distance between shafts 2\i Inches. 

2d. Velocity ratio 2 to I, center distance between shafts 3% Inches. 

3d. Velocity ratio 2 to 1. center distance between shafts 4 inches. 

We will take the Brst of these to Illustrate the method of procedure 
ibout to be described. 

We have a center distance of Z\ Inches and a speed ratio between 
driver and driven shafts of 2 to 1. The first thing to determine Is 

*MaCbiMibt. May. 1808. 
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the distance from the point of Intersection to corner A is at its mazi- 
xnum. For the minimum value, the tooth angle is the limiting feature. 
Vox a gear of this kind, 30 degrees is, perhaps, about as small as would 
t>e advisable, so when the ruler is inclined at an angle of about 30 
decrees with margin line A. O', and occupies position No. 2 as shown. 
It will cut line A E tit 0", and the distance cut ofT from the point of 
Intersection to comer A will be at its minimum value. The ruler 
must then be located at some intermediate position between No. 1 and 
l^o. 2. 

Supposing, for example, 14 teeth in gear a and 28 teeth in gear h be 
tried. According to Rule 11, the equivalent diameter of gear a will 
then be 14-h12, or 1.1666 inch; the equivalent diameter of 5 will be 




FIff. e. Pflhaiamrj Graphioal Bolnllcm tor Problem No. 1 

28 H- 12, or 2.3333 inches. Returning to the diagram to locate the 
p6int of Intersection, it will be found that point 0'" is so located that 
lines drawn from it to A G and A G' will be equal to 1.1666 inch and 
2.3333 inches respectively, but this is beyond point 0', which was 
found to be the outermost point possible to intersect with a 4^-inch 
line, D ly. This shows that the conditions are impossible of fulfill- 
ment. 

Trying next 12 teeth and 24 teeth, respectively, for the two gears, 
the equivalent diameters by Rule 11 will be 1 inch and 2 inches. Point 
O is now so located that B equals 1 inch and B' equals 2 inches. 
Seeing that this falls as required between 0' and 0", stick a pin in 
at this point to rest the straight-edge against, and shift the straight- 
edge about until it is located in such an angular position that the 
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taarglii Uoes AG and A O' tut oS m inches, or mice ibe required 
distance between tbe abafts. on Ibe graduaiionB. Tbls gives tbe pre- 
liminary solullon to tbe problem, Meaeiirlng as carefully as possible. 
D O. tbe plicb diameter of eear a. Is found to be about 1.265 Incb diam- 
eter, and B' 0. Ibe pitch diameter of gear h. about 3.23l> iDcbes. Angle 
BOD. the tooth angle of gear o. raeaaurea about 37° 50'. Angle 
B' O I)', tbe tooib angle of gear b, would tben be 52° 10' according to 
Rule I. To determine angle BOD more accurately than Is feasible by 
a graphical process, use the following rule: 

Hule 12. The tooth anyle of gear a in a pair of matina tielicat peart, 
o and b. lohose axes are 90° apart, must 1>e so selected that the equiva- 
lent diameter of gear b plus the product of the tangent of the tooth 
angle of gear a Jig the egvivalent diameter of gear a. will be equal to 
the product of twice the center distance by the sine of the tooth angle 
of gear a. (Tbts rule, it will be seen, Is Eimply a modlflcation of 
Rule 4.) 

That Is to Bay. In this case, B' + <0 B X tbe tangent of angle 
BOD) =:DD' X the sine of angle BOD. Perform tbe operations indi- 
cated, using the dimensiona nblcb were derived from the diagram, to 
see whether the equality expressed in this equation holds true. Sub- 
Btitullng tbe numerical values; 

2 4- (] X 0.77661) =4.5 X 0.61337, 
2,77661 = 2.760J 6, 
9 result which ia evidently inaccurate. 

The BOlution of the problem now requires thai other values for angle 
BOD. slightly greater or leaa than 37° 50', be tried until one Is found 
that will bring tbe desired equality. It vrtll be found Qnally tliat if 
the value of 3S° 20' be used as tbe tooth angle of gear a. (be angle 
ia as nearly right aa one could wlab. Working out Rule 12 for tbls 
value: 

2 + <1 X 0.79070) =4.5 X 0.62024. 
2.79070 = 2.79108. 
This gives a difference of only 0.00038 between tbe two sldea of the 
equation. The final value of the tooth angle Of gear a is thus settled as 
being equal to 38° 20'. Applying Rule 1 to And tbe tooth angle of 
gear b we have: 90' — 38° 20' = 51° 40'. Tbe next rule relates to find- 
ing the pilch diameter of tbe gears. 

Rule 13. The pitch diameter of a helical gear equals the eguivalenl 
diameter divided bg the cosine of the tooth angle; lor the equivalent 
diameter multiplied by the secant of the tooth angle). This rule la a 
modification of Rule 2. 

If a table of secants Is at band, it will be somewhat easier to use 
tbe second method suggested by the rule, since multiplying is usually 
•asier than dividing. Using in this case, however, tbe table of costnee, 
and performing tbe operation indicated by Rule 13, we have for the 
pitch diameter of gear a: 

1-1-0.78442 = 1.2748, or 1.275 inch, nearly; 
and for the pitch diameter of gear b: 

2 -i- 0.62024 = 3,2245, or 3.225 inches, nearly. 
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To check up the calculatlooa thus far, the pitch diameter of the two 
gesrs thufl found maj be added together. The Bum should eaual twlca 
the center distance, thua: 

1,275 + 3.225 = *.300, 
Which proves the calculations for the angle. 

Applying Rule 10 to gear a: 

1.2748 4- (2 -^ 12) =1.2748 + 0.1666 = 1.4414 = 1.441 inch, nearly. 

For gear b : 

3.2245 + (2 ^- 12) =3.2245 + 0.1668 = 3.3911=3.391 Inches, nenrlT. 

In cutting spur gears ot any glTen pitch, different shapes of cutteri 
are used, depending upon the number of teeth In the gear to be cuL 
For Instance, according to the Brown £ Sbarpe system for involute 
gears, eight different shapes are used for a gear from 12 teeth to a 
rack. The fact that a certain cutter Is suited tor cutting a 12-tooth 
spur gear is no sign that tt is suitable for cutting a 12-tootb helical 
gear, since the fact that the teeth are cut on an angle altera their 
shape considerably. To find out the number of teeth for which the 
cutter should be selected, use Rule 5. 

Applying Rule 5 to gear a: 

12 -- 0.7S4' = 12 -i- 0.4318 = 25—. 
and tor gear b : 

24 -s- 0.630" = 34 ^- 0.2383 = 100 +, 
giving, according to the Grown I Sbarpe catalogue, cutter No. 5 for 
gear a and cutter No, 2 for gear b. 

In gearing up tbe head of the milling machine to cut these gears 
It Is necessary to know the lead of the hells or "spiral" required to 
give ttie tooth the proper angle. To find this, use Rule 6. In solving 
problems by this rule, as for Rule 5, It nlll be suRlclent to use trigono- 
metrical functions to three significant places only, this being accurate 
enough for all practical purposes. Solving by Rule 6 to find tbe lead 
for which to Bet up tbe gearing in cutting a: 

1.275 X I.26B X3.14 = E.06S, or 61/16 Inches, nearly; 
for gear b : 

3,225 X 0.791 X 3.14 = 8.010, or 8 3/32 Inches, nearly. 

The lead of the helix must be, In general, the adjustable quaotllr 
In any spiral gear calculation. If special cutters are to be made, the 
lead of the helix may be determined arbitrarily from those given In 
the milling machine table; this will, however, probably necessitate a 
cutler of fractional pitch. On tbe other hand, by using stock cutters 
and varying tbe center distance slightly, we might find a combination 
which would give US for one gear a lead found in the milling machlnr: 
table, but it would only be chance that would make the lead tor the 
helix In tbe mating gear also of standard length. It Ifl th^o g^'ueralty 
better to calculate the milling machine change gears according tu 
the usual methods to suit odd leads, rather tlian to adapt the other 
conditions to suit an even lead. It will be found in practice that th« 
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B O D = 63*" 45'; and the tooth angle of gear B = angle B'OD'=s 90* — 
63* 45' = 26* 15', according to Rule 1. Performing the operations Indi- 
cated in Rule 12 to correct these angles, it is found that when the tooth 
angle of gear a is 63* 54', and that for gear & is 26* 6', the equation of 
Rule 12 becomes: 

3 + (15 X 2.04125) =6.75 X 0.89803 
6.06187 = 6.06170 

which is near enough for all practical purposes. The other dimensions 




Fig. 7. Soltttlon of Probl«m No. 2 for Bqa*l Diameters 

are easily obtained as before by using the remaining rules. 

To still further illustrate the flexibility of the helical gear problem, 
the third case, for a center distance of 4 inches, will be solved in a third 
way. It is shown in MacCord's "Kinematics" that to give the least 
amount of sliding friction between the teeth of a pair of mating helical 
gears, the angles should be so proportioned that, in our diagrams, line 
Diy will be approximately at right angles to ratio line AE. On the 
other hand, to give the least end thrust against the bearings, line D D' 
should make an angle of 45* with the margin lines AG and AO', in 
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obtained graphically and those obtained in the more accurate mathe- 
matical solution is a measure of the skill of the draftsman as a graphi- 
cal mathematician. The method is simple enough to be readily copied 
in a note book or carried in the* head. If the graphical method is to 
be used entirely, it will be best not to trust to the cross-section paper* 
which may not be accurately ruled; instead skeleton diagrams like 
those shown in Figs. 6, 7 and 8 may be drawn. F6r rough solutions, 
howeyer, to be afterward mathematically corrected, as in the exam- 
pies considered in this chapter, good cross-section paper is accurate 
enough. It permits of solving a problem without drawing a line. 
Point may be located by reading the graduations; a pin inserted 
here may be used as a stop for the rule, from which the diameter 
and center distance are read directly; dividing AD, read from the 
paper, br D D', read from the rule, will give the sine of the tooth 
angle of the gear a. 

Formulas for Spiral Gearing 

For sensible people, who prefer their rules to be embodied in formu- 
las, the appended list has been prepared, using the following reference 
letters, which agree in general with the nomenclature of the Brown ft 
Sharpe gear books. 

N^ = number of teeth in gear a, 
ITb = number of teeth in gear h, 
P. = normal diametral pitch or pitch of cutter, 

7 = center angle, 

a = angle of tooth with axis, 
D = pitch diameter, 
= center distance, 

N' = number of teeth for which to select cutter, 
L=rlead of tooth helix, 

8 = addendum, 

W = whole depth of tooth, 
Tb = normal thickness of tooth at pitch line, 
= outside diameter. 
Where subscript letters • and b &^e used, reference is made to gears 
a and 6, as for instance, "N^" and "2^bt" where the letter N refers to 
the number of teeth in gears o and d, respectively, of a pair of gears 
o and h. 



7 = a. -f ab 
D = 



C = 



P. cos tt 



(1) 



(2) 



(3) 



^b -f iN^ X tan o.)= 2 CP« Xsino. 

N 



3r' = 



(cos a)* 



(4) 



(5) 
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L = r D X cot a 
1 



P. 

2.157 



W=z 



P. 
1.571 



(6) 
(7) 

(8) 



r. = 



(9) 
(10) 



p« 

= D4-25 

Examples of Spiral Oear Problems* 

A number of examples will be given in the following, which can be 
solved by simple modifications of the methods outlined for problems 
of Class 2. The same reference letters are used as before. 




JfacMnerg^.Tm 



Fl«. O 



Example 1. — Find the essentisil dimensions for a pair of spiral gears, 
velocity ratio 3 to 1, center distance between shafts ^% inches, angle 
between shafts 38 degrees. 

First obtain a preliminary solution by the diagram shown in Fig. 9. 
Draw lines A O and A G^ making an angle 7 with each other equal 
to 38 degrees, the angle between the axes. Locate the ratio line AE 
by finding any point such as 0^ between A O and A G„ that is distant 
from each of them in the same ratio as that desired for the gearing. 
Jn the case shown, it is 6 inches from A G, and 2 inches from A G. 
-which is in the ratio of 3 to 1 as required. Through O, draw line A E 
-^ehich may be called the ratio line. Select a trial number of teeth 
nd pitch of cutter for the two gears, such, for instance, as 36 teeth 
or the gear and 12 for the pinion, and with 5 diametral pitch of the 
cntter. The diameter of a spur gear of the same pitch and number 
' *»Mh aa the gear would be 36 -r- 5 = 7.2 inches. Find the point 

•ft December, IOCS. 
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on AE, which is 7.2 inches from AOi. This point will be 2.4 inches 
from A O, it A E in drawn correctly. 

Now apply a scale to the diagram, with the edge passing through 
and with the zero mark on line A G. shifting it to different positions 
until one is found in which the distance across from one line to an- 
other (DDi in the figure) is equal to twice the center distance, or 
10.25 inches. ^ If a position of the rule cannot be found which will give 
this distance between lines A O and A Ou new assumptions as to num- 
ber of teeth and diametral pitch of the gear and pinion must be mado, 
which will bring point O in a location where line DD^ may be prop- 
erly laid out. DDt being drawn, the problem is solved graphically. 
The tooth angle of the gear is BiODt, or Ob , while that of the pinion 




Xaehtnery^.T, 



Tig. lO 



is B O D, or as. Di will be the pitch diameter of the gear, and O D 
the pitch diameter of the pinion. 

To obtain the dimensions more accurately than can be done by the 
graphical process, the pitch diameters should be figured from the tooth 
angles we have just found. To do this, divide the dimensions OB, 
and OB for gear and pinion, by the cosine of the tooth angles found 
for them. If they measure on the diagram, for instance, 21 degrees 
50 minutes and 16 degrees 10 minutes respectively (note that the sum 
of Oa and Ob must equal 7), the calculation will be as follows: 

7.2 -f- 0.92827 = 7.7563 =Db 
2.4 -i- 0.96046 = 2.4988 = D, 



10.2551 = 2 C 



The value we thus get, 10.2551 inches, for twice the center distance, 
is somewhat larger than the required value, 10.250 inches. We have 
now to assume other values for a. and ab, until we find those which 
give pitch diameters whose sum equals twice the center distance. 
Assume, for instance, that ab = 21 degrees 43 mlnwlea, \.\i«ii a^-=.%'^ ^^ 
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eTe«8 — 21 degrees 43 minutes ^ 16 degrees IT minutes. We now 1 

7.3 -^ 0.92902 = 7.7501 = D» 

2.4 -^ 0.95989 = 2.5003 = D. 



2504 = 



.IC 



Tble value for twice the center distance <s so near that required that 
we may consider the problem as solved. The other dimensions tor 
the outside diameter. lead. etc.. may be obtained as (or spiral gears at 
right angles, and as described in tbe previous part of this chapter. 




Example S.— Find (he essential dimensions ol a pair U spiral gears. 
velocity ratio S lo 3, center dlalance between shatts 9 5/16 Inches, angle 
between sbafts 40 degrees. 

The diagram lor solvlDg this problem Is shown In Fig. ID. The ails 
lines A a, and A are drawn aa before and ttie ratio line .1 E Is drawn 
in tbe ratio at S to 3. or 16 to S, by the same method as just described. 
A point is found having a location corresponding to 64 teeth and 5 
pitch tor the gear, and 24 teelh for the pinion. This gives distance 
Ofi, = 12.S Inches, and OB^^i.S Inches, by which position Is so 
located that a line D D, can be drawn through it at a convenient a 




and with a length equal to twice the center distance, or 18.625 inches. 
Ve measure the angle for a preliminary graphical solution as before, 
and then by trial find the final solution as follows, in which angle n^ 
Is IT degrees 45 minutes, and a. Is 22 degrees 15 minutes' 

12.8 -r- 0.95240 = 13.4397 = D» 
4.8^0.92554= 5.1862 = J>. 

18.6259 = 2 
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This gives (.he value of twtce tbe ceoter distance near enough for gears 
of this size. 

Example 3, — Find the essential dimensions for a pair of spiral gears, 
velocity ratio 5 to 2, center distance between siiafta 4 1/16 Inches, angle 
of shafts 18 degrees. 

The diagram for solving this problem la shown In Fig. il. The axis 
lines A G, and A a are dran^ as before, and the ratio line A E Is 
drawn in the ratio of 5 to 2, by the same method as Just described. A 
point is found having a location corresponding to 45 teeth and S 
pitch tor the gear, and 13 teeth for the pinion. This gives distance 
3,^5.625 Inches, and OB^2,250 Inches, In which position is so 
located that line D D, ran be drawn through it at a convenient angle. 
and with a length equal to twice the center distance, or 8.125 Inches. 
We measure the angles for a preliminary mathematical solution as 
before, and then by trial And the final solution as follows, in which 
angle a« is 16 degrees 45 minutes and a. Is 1 degree 15 minutes: 
5.625 -h 0.9B757 = 5.8742 = Di, 
2.250 -^ 0,99976 = 2.2305 — /J, 

8.1247 = 2(7 
It Is often a matter of great dlfflculty, when the center anglo y Is as 
small as in this case, to find a location for point such that standard 
cutters can be used, and that line D D, can be drawn of the proper 
length through without bringing D to the left of B. or D, to the left 
of B,. It will be noticed In this case that to make the center distance 
come right, angle a. had to be made very small, so that the pinion la 
practically a spur gear. In some cases, to get the proper center dis- 
tance, it may be necessary to so draw line D D, that one of the tootb 
angles ia measured on the left side of B O or B, O. Such a case, for 
instance. Is shown In the nOBitton of d, d. When a 11ns Las to be 
drawn lllie this, the tooth angles a', and a'l, are opposite in Inclina- 
tion, Instead of having them, as usual, either both right hand or both 
left hand. In Fig. 12 are shown gears drawn In accordance with the 
location of line DD, of Fig. 11, while Pig. 13 shows a pair drawn In 
accordance with dd, of the same diagram, which will Illustrate the 
state of affairs met with in cases of this kind. This expedient of mak- 
ing one spiral gear right-hand and one left-hand should never be 
resorted to except In case of extreme necessity, as the construction Id- 
Tolves a very waetoful amount of friction from the sliding of the teeth 
on each other as the gears revolve. 

DemonBtration of Orant's Formula 

As already mentioned, the number of teeth for which the cutter 

should be selected for cutting a helical gear, is found to he the formula 



In which ^'=^ number of teeth for which cutter Is selected. 
A' ^actual number of teeth in hellcat gear, 
a =: angle of tooth with axis. 
Note that cos's la equivalent to (coso)'. 
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A demonstration of this formula was presented by Mr. H. W. Henes 
in Machinery, April, 1908. This demonstration is as follows: 

Let Pn be the perpendicular distance between two consecutive teeth 
on the spiral gear, and let Dt be the diameter of the spiral gear. Let 
the gear be represented as in Fig. 14, and pass a plane through it per- 
pendicular to the direction of the teeth. The section will be an ellipse 
as shown in CEDF. Designate the semi-major and semi-minor axes 
by a and }> respectively. 

Now A*' is the number of teeth which a spur gear would have if its 




A I 

Fl^. 14. DiAirrMn for Derivtoff th« Fomaala for Determining Spur 
Qeer Cutter tor Cutting Spiral Gewre 

radius were equal to the radius of curvature of the ellipse at E, There- 
fore, it is required to determine the radius of this curvature of the 
ellipse. This is done as follows: 
From the figure we have: 



2 6 = axis-E?F = Di 


(11) 


HI D, 


(12) 


cos a cos a 


From (11) and (12) we have for a and 6, 




2 


(13) 


D, 


l^A\ 



2 cos a 



'* faciown, and shown by the methods of calculus, that the mini- 
re of ax^ ellipse, that is, the curvature at E or F, equals 
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h 

— . Taking the values of 
a' 


a and b found in (13) and (14), we have the 


curvature at E: 


i>i 




2 4 Di cos' a 2 COS' a 




Di» 2 Dt* Dj 




4 COS' a 



1 

It is also shown in calculus that the curvature is equal to — , where 

R 

R is the radius of curvature at the point E. Therefore from (15) we 

have: 

1 2 COS* a Dj 

— = , whence R = (16) 

R Dt 2 cos' a 

Formula (16) can also he arrived at directly, without reference to 

the minimum curvature of the ellipse, by introducing the formula for 

the radius of curvature in the first place. The curvature is simply the 

reciprocal value of the radius of curvature, and is only a comparative 

means of measurement. The radius of curvature of an ellipse at the 

o' 
end of its short axis is — , from which formula (16) may be derived 

l> 

directly by introducing the values of a and h from equations (13) and 

(14). 

Having now found the radius of curvature of the ellipse at E, we 

proceed to find the nimiber of teeth which a spur gear of that radius 

would have. From Fig. 14 we have: 

P. 
AB=: (17) 

cos a 

Now, if A B be multiplied by the number of teeth of the spiral gear, 

we shall obtain a quantity equal to the circumference of the gear; 

that is: 

P. 
AB X N = irDi, and since AB = from (17) 

cos a 

P. 

XN=iirD, (18) 

cos a 

Since y is the number of teeth which a spur gear of radius R would 

have, then, 

2jrR 

N' = ri9) 

p. 

In equation (19) the numerator of the fraction is the circumference 
of the spur gear whose radius is R. and the denominator is the circu- 
lar pitch corresponding to the cutter. 
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From equation (16) we haye: 



R = 



2 cos* a 

Substituting this value of A in (19), we have: 

2wDt 

y'=z (20) 

p. X 2 cos* a 
From equation (18) we have: 

NPn 
D. = (21) 

IT cos a 

Substitute this value of D^ in equation (20) and we have: 

2ir2V^P, 
2Pb it cos' a 

or 

N 

N' = (22) 

cos* a 

Since N is the number of teeth in our spiral gear and 2f* is the num- 
ber of teeth in a spur gear which has the same radius as the radius 
of curvature of the helix above referred to, this is the equivalent of 
saying that the cutter to be used should be correct for a number of 
teeth which can be obtained by dividing the actual number of teeth in 
the gear by the cube of the cosine of the tooth angle. Since the cosine 
of angle is always less than unity, its cube will be still less, so A^ 
is certain to be greater than N, which will account for the fact that 
spiral gears of less than 12 teeth can be cut with the standard cutters. 
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CHAPTER II 



DIAGRAMS FOB DESIGNING SPIRAL GEARS* 

Oreat dIfflcuUies are usually experienced Id designing epiml gears. 
and these difflculClea are greatly accentuated when one has to deaign 
(hem tor two shafts whose center distance cannot be altered to suit 
the gears, and also when the angle between the abatts is Dot a right 
angle, and the speed ratio Is not equal. The general practice ia to 
work out the geara tiy lengthy mathematics, and should the answer not 
come out as desired, then a new trial Is made, varying either one or 
the other factor, until the angles and diameters are correct. Thia 
method of "cut and try" entails a great deal ot work and waste of 
lime. The following method, together with the diagrams used nlih 
it, will remove some of the dlffleuliies, and enable one to arrive at the 
data required In a very short time. The method adopted is graphical, 
but the results may be checked by simple figuring. 

As the pitch diameter, spiral angle, and circular pltcli are Interde- 
pendent, they cannot be considered as a starting point in solving tha 
problem, because they are not known. The starting point, therefore, 
must be the speed ratio, and some Idea of the strength required, to- 
gether with the center dietance. These factors, as a rule, can easily 
be ascertained. As It Is common usage to employ ordinary spur gear 
cutters of regular diametral pitches for cutting spiral gears, the nor- 
mal pitch, or distance from one tooth to the next measured at right 
angles to the tooth, must be the same as the pitch of a spur gear for 
which the cutter to be used Is Intended; therefore the corresponding 
diametral pitch and the speed ratio must be the initial data, all others 
being obtained afterwards. 

Three diagrams are given for the graphical solution of spiral gears. 
The diagram in Fig. 15 shows the relation between the quotient of 
number of teeth -h diametral pitch, spiral angles, and pitch diameters. 
number of teeth 

The tiuotlent ■ — ~ la commonly termed "equivalent dl' 

diametral pitch 
ameter." and wilt be so referred to tn the following. 

The diagram in Fig. 16 shows the relation between the diametral 
pitch, the number of teeth, and the equivalent diameter. Finally, tha 
diagram In Pig. 17 shows the relation between the pitch diameter, tha 
spiral angle, and the lead of the hells. We will now proceed to give 
some typical examples Illustrating the use of the diagrams. 

Example 1. Given a gear having 24 teeth, 6 diametral pitch, and a 
spiral angle of 40 degrees. Find the pitch diameter. 

First obtain the value of the ratio, number of teeth -:- diametral 
pitch, which, tn thIa case, can be obtained without referring to dla- 

•HtCntHiBi, Octolier, 1D08. 
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Eram Fig. 16, being simply 2* -i- 6 ^ 4. Locate 4 on the horizontal 
lice in diagram Fig. 15. and project vertically until the line from fignr* 
4 Intersects the line (or 40 degrees spiral angle. Then lotlow the 
circular arc from (his point, either to the right or downward, reading 
off S.22 on the corresponding scale, this being the pitch diameter. 
Should the diameter be required accurately, we can figure It br the 
lormula: 

No. of teeth 
Pitch diameter: 



TblB also glvea 




gram. The lead of the helix ia now obtained from Fig. 17, by pro- 
jecting Ihe pilch diameter r).22 horiiontally lo the radial line for tbe 
spiral angle, and then, following the vertical line to tbe lead scale 
at the bottom of the diagram, we find. In this case, a tea 
! course, the outside diameter of the blank would b 



VJACR.-iMS 
I iDcbes, wblch Is Ihe pitch diameter + 2 times the 



be equal In all respects, 
J lo be approiimatel; 4 



2X1/6 = 3.; 
addendum. 

Example 2. Required two 
Ihe diametral pilch being i 
inches apart. 

As the centera are not fixed, the gears In this case ma; be made 
with 45 degrees spiral angle, and the center distance may be Bllghlly 
adjusted to suit the pitch diameters. Referring to Pig. ly, Tollow the 
circular arc from diameter of gear = 4 Inches, until H intersects the 
radial line lor 4^ degrees eplral angle: then totlow the verllral line 
down to the scale at the ratio between the number Of teeth and dlam- 



DUVETfiAL PI 



l=OP 







/ 


/■ ' ..,:.. 


;;:::;:;::;:::;;::: ::::;:■ 






f ' 




' / ,' 








; 


' 


' ,' -' 


/ --■' .-' ■■ --'■- ' -•'' 




25 a 


' ' 


'/ 


■ :'■;-" 


'■-'yy:.--:-':'--'- :■■'■". 




/ '■ 




' ' ■' i'' 


iw'^>'±L',--'' i'"'--' 




15" 


Hi, 


/ 


''. '.■'.■:'■:'- 


■'1^'^^ -''%■'' '■■ '■'■'' 




W'-'- 


/ 


I: ;:n;:> 


lif'"-' -■---•■ 




rmTT 






:::t:::::::::::: ::::.__ 










...J 





NUMBER OF TEETM Of Gl 



elral pKcb, which Is found to be 2.S2. Then, from Fig. 16. we And 
that with this ratio and 8 diametral pitch, the number of teeth Is not 
B whole number, but ihe nearest number la 23, giving a ratio ot 2,ST5 
Instead of 2.S2, nblch. by reversing the process and referring to dia- 
gram Fig. 15, gives a pitch diameter of 4.07 Inches. These results 
maj be checked as follows: 

No. of teeth 1 

Pitch diameter = 



Diametral pitch 



« 45 deg. 



^2.875 X ^4.07 inches. 

0.707 

The outside diameter is 4,07 + 2X0.125 = 4.32, The lead, as ob- 
tained from diagram Fig. 17. In the aame way as In Example 1. la 
12.79 Inches. 

£.rample 3. Required a pair of spiral gears having a normal pilch 
corresponding to 10 diametral pitch, having a given center distance of 
Z^S inches approsimately. ihe sum of the spiral angles being 80 degrees. 
and the speed ratio equal to 5 to 1. 

In this case both portions of diagram Fig. 13 ace (laed, iVie ^-^-iieT \is.^ 



28 No. io—SPIRAL GEARING 

being employed lor one gear and the lower part for the other, i 
easiest n-ay t>eiiig to gat a strip of paper with two lines marked on Itg 
edge & Inches (twice the center distance) apart, drawn to the eama 
scale aa the diagram. Move this strip of paper on the diagram (so 
that the edge of the strip passes through the center), aa Indicated at 
A. Fig. 18. until the lines marked coincide with the points where the 
ratio of the equivalent diameters equals 5 to 1, and then determine 
from Fig. 16 that these diameters also give whole numbers of teeth 
with ID diametral pilch. 'We find that O.a and 2.5 at 7S degrees and 
12 degreeB are two such positions, and also 0.6 and 3.0 at 70 degrees 
and 20 degrees. It we use the latter values, we will have 6 teeth 
and 30 teetli at 70 and 20 degrees angle, reBpecllveiy. The exact dl- 
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LEAD IN INCHES lfo<*'-^»,.V.r. 

f be determined, as In our previous problem, and are 
1.75 and 3.19 Inches, respectively, the outside diameters being 0.2 inch 
larger, or 1.95 and 3.39 inches, respectively. This gives the center dis- 
tances 2.47. These values can now be obtained from the formulas as 
L before. 
I EiOTtijile i. Required a pair of spiral gears, having a flied center 
! of 4.5 Inches, running at equal speeds, the diametral pitch 
Iwing 7. The method of procedure Is similar to that of the last ex- 
mple. using a atrip of paper having a dlstanoe of 9 Inches marked Olt 
B edge In the proper scale, aa Indicated at B In Fig, IS. At about 
I degrees spiral angle we find In Pig. 15 the ratio of number of 
I to diametral pitch to equal 3.14. This ratio must be adjusted 
s diagram Fig. 16, as previously shown, so aa to enable one to gel a 
3 number of teeth with 7 diametral pitch, this number being la 
! ease 22. The ratio la then 3.143. and following from this Id 
16 to the 4aHlegTee line, one obtains a pitch diameter of about 4.1 
r one gear, and at 50 degrees about 4.9 Inches for the otber. 
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cos spiral angle (flret eear)=3.143x ^0.766; Bplral angle=40deg. 



i Bplral angle Isecond gear) =3.143 > 



4.9 



= 0.642; 



epiral aagle ^r= uO deg., nearly. 

Xow obtain the leads from diagram Fig. IT In tbe same way as be- 
fore, giving the leads of tbe gears 15.4 and 12.9 Inches, respectively. 

Ezample h. Required a pair of spiral gears, the axes of which are 
at an angle ot 120 degrees; center distance 4.12S; the ratio of equiva- 
lent diameters should be as 2 to 3, and the diametral pilch equals S. 

We require first of all two numbers representing the equivalent di- 
ameters, these two numbers bearing the ratio to each other of 2 to 3, 
and giving a whole number of teeth with 5 diametral pitch. These 




two numbers, when projected onto two spiral angle lines In a diagram 
made up as In Fig. 15, the sum of the angles of which equals 12Q or 
60 degrees, give two diameters whose sum equals the center distances 
multiplied by 2, or S.2o. In this case we cannot use both parts of tba 
diagram Fig. 15, as it la made up for shafts at 90 degrees angle, and 
lor thla reason we must tahe the two readings from the same part of 
the diagram. The ratios 3 and 4.5 at 30 degrees give corresponding 
diameters of 3.5 and 5.2. the sum being S.T. The ratios 2.S and 4.2 
giving 14 and 21 teeth at 25 and 35 degrees, respectively, have diam- 
eters ot 3,1 and 5.15 (equals 8.25). From this we see that we must 
use 14 and 2\ teeth and tbe ratios 2.8 and 4.2. The diameters and 
spiral angles can now be obtained graphically and more accurately In 
this manner: 

Draw two radial lines, as shown at C In Fig. 18. at 120 degrees angle 
on a separate piece of paper, and lay off on these to same scale 2.8 and 
4.2. From these points draw lines at right angles to the radial lines. 
It Is now necessary to find the position of a line 8.25 Inches long, 
terminating upon these lines, and passing through the ceatAi. h. 
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strip of paper is used in the same manner as before, and upon careful 
measuring of the respective distances from the center to the lines, one 
obtains the distances 3.075 and 5.175 inches, which represent the re- 
spective diameters, the sum being 8.25. The spiral angles are obtained 
by measuring or calculating as follows: 

1 

cos spiral angle of first gear = 2.8 x = 0.910; 

3.075 
spiral angle = 24 deg. 15 min. 

1 

cos spiral angle of second gear = 4.2 x = 0.812; 

5.175 

spiral angle ==35 deg. 45 min. 

The above examples will show the careful student the manner of 
working out various problems as required, and if the directions are 
properly followed, this method will be found to be a great time-saver. 
It may be mentioned that it is advisable to keep the spiral angle as 
nearly equal in the two gears as possible In order to obtain the great- 
est efficiency of transmission. It should be noted that when diagrams 
of this type are to be used for practical calculation of spiral gears, 
they should be laid out in a much larger scale than is possible to 
show in these pages, and it would be advisable to lay out radial lines 
in B^g. 15 for every degree, and vertical and horizontal lines for every 
tenth of an inch, and circular arcs for equally fine subdivisions. The 
same is true of the diagrams in Figs. 16 and 17. In Fig. 16, horizontal 
lines should be laid out for every tenth of an inch, and vertical lines 
should be laid out for all whole numbers of teeth. In Fig. 17, the 
horizontal lines should be laid out for every tenth of an inch, vertical 
lines for at least every 0.2 of an inch, and radial lines for every de- 
gree. This diagram should also be laid out so that leads over 20 
inches may be read off, as well as those below this figure. 

In Fig. 19 is given a diagram for determining the cutter to use 
when milling the teeth of spiral gears. The instructions for the use 
of the diagram are given directly on the chart Itself, so that no other 
explanation is necessary. This diagram was contributed to Machinzbt 
by Elmer G. Eberhardt, and appeared in the September, 1907, issue. 
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HEBKINGBONE QEABS' 

The following loformatlon on herrlogbone gearlDg is abstracted Irom 
a paper by Mr. Percy C. Day, of Milwaukee. Wis., read before tho 
meeting of the American Society of Mechanical Engineers, under the 
auspices of the aub-coramlttee on machine shop practice, at New Tork, 
December 5-8. 1911. ThU abstract waa published In Machisebt, Jan- 
uary. 1912. 

That the helical principle in toothed gearing 1b ideal from a theo- 
retical point of view is well known. From a practical stand- 
point, so called "herringbone" gears have, however, been lees sat- 
isfactory than atralght-cut spur gears, beeauge, until recently, no 
method was devised for producing them with the requisite speed and 
accuracy. Within the last six years, however, a method has been devel- 
oped. In England, to a high degree of perfection. Herringbone gears 
made by this method are called Wuest gears, after the inventor. The 
distinction between these gears and those of the ordinary herringbone 
type Is that the teeth of the former, instead of Joining at a common 
apes at the center of the face, are stepped half the pitch apart and do 
not meet at all. This arrangement of the teeth does not affect the 
action of the gears, but it facilitates their commercial production. 

Action of Spur Oearlng 

The aim of all designers oF gearing Is to transmit rotary motion 
from one axis to another In a perfectly even manner without variation 
of angular velocity. Let us consider the action of a Htralgbl spur 
pinion driving a gear. There are three distinct phases of engagement: 

First phase: The root of the pinion tooth engages the point ol 
iha gear tooth. 

Second phase: The teeth are engaged near the pitch line. 

Third phase: The point of the pinion tooth engages th« root of the 
gear tooth. 

Let US assume that the teeth are accurately cut to Involute form, so 
that if the pinion moves with even angular velocity It will produce 
corresponding evenness of motion In the gear; and also that the 
pinion has sufficient teeth to allow the engagement of successive teeth 
to overlap. At the beginning of the first phase, while the load la 
carried near the point of the gear tooth, that tooth is subjected to a 
maximum bending stress along Its whole length. The portion o[ the 
pinion tooth near the root is sliding over the outer portion of the 
gear tooth: that Is lo say. two metallic surfaces of small area are 
sliding under heavy compression, 

'HaChiheby, EosineerlnB Edition, Januur. 1912. 
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TUe action during tbe second phase more nearly approaches Ideal 
condltloaa. The teeth are engaged near their respective pitch llnea 
and very little sliding takes place. During the third and final phase, 
the pinion tooth is subjected to a maximum bending stress, while the 
tooth surfaces again slide over each other, this time with the outer 
portion ol tbe pinion tooth engaging tbe gear tooth near Its root. 
Tbe point to be noted is tbat wliile those portions ol the mating 
teeth which are near the pitch lines transmit the load with rolling 
contact, those which are more remote have to transmit the same 
load with sliding contact. The inevitable result is that the points 
and roots ol all the teeth tend to wear away more rapidly than tbe 
portions near tbe pitch lines. 

II may be suggested that the alidtng action can be eliminated by 
shortening the teeth so that they engage only tbe phase of rolling 
contact. This has been tried with a certain measure oF succesa in 
tbe stulj-toothed gear, but It cannot be carried far enough without cur- 
tailing tbe arc ot contact so that continuity of engagement is tost. 

Action of HerrlnertioDe Oeors 

Herringbone gears completely overcome all these dlEBcullles, but 
only when they are accurately cut. If we take two exactly similar 
pinions with straight teeth and place tbem side by side on one shatt, 
with the teeth of one pinion set opposite the spaces oT the other, then 
we have what is known as a atepped'tooth pinion. If this pinion Is 
meabed with a composite gear made up In a similar manner, tbe action 
ia modified so that there are always two phases of engagement talcing 
place siniultaneously, Sucb gears are commonly used for rolling mill 
work, because they stand up to heavy shocks better than tbe plain 
type. Still better action can be secured by asaembUng a number of nar- 
row pinions with the last of the series one pitch la advance of the first 
and the others advanced by equal angular Incrementa. As a practical 
proposition, however, gears made on these lines would he costly and 
difficult to produce. 

The helical gear Is tbe logical outcome of the stepped gear carried 
to Its limit, and built up from infinitely thin laminations. Since tba 
steps oave merged into a helix, there must be a normal component of 
the tangential pressure on the teeth, producing end thrust on tbe 
Bhafta. To obviate end thrust, the hellcat teeth are made rlgbt-band 
on one side and left-hand on the other. (See Fig, 20.) Such gears, 
with double helical teeth, are known as herringbone gears. 

Tbe fundamental principle of the action of herringbone teeth ties 
In the circumstance that all phases of engagement take place sfmul- 
taneousl]/. This holds good for every position of pinion and gear, 
provided only that the relationship between pitch, face width, and 
Bptrai angle Is such aa will insure a complete overlap of engagement. 
Since all phases of engagement occur together, it follows that the load 
Is partly carried by tooth surfaces la sliding contact and partly by 
anrtaces In rolling contact. 
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Those portloDH of the teeth fartheBt from the pitch lice, 
engage with sliding action, tend to wear away more rapidly than 
the portions nearest the pitch line. But the pitch line portion is always 
carrying part oC the load, and the effect oF wear on the ends or the 
teeth merely tends to throw more load on the center portions; In other 
words tticre is a tcndcnry to concentrate the load ni'ur the pitch Hac4. 
The ends of the teeth, instead of wearing away to an ever-lncreaalng 
ejtent from their original Involute form, are relieved of some of the 
load from the moment that wear commences to take place. As soon 
as the load on these ends haa been partially relieved and transferred 
to the middle portion, the wear hecomes equalized all over the teeth 
and they do not tend to distort further from their original shape. 

As the leeth keep their involute form, motion is transmitted from 
pinion to gear In an even manner, without jar, shock, or vibration. 
While herringbone teeth may not be Intrinsically stronger than straight 
teeth, the elimination of shock renders them capable of transmitting 
heavier loads. Since all phases of engagement occur simultaneously, 
the transference of the load from one pinion tooth to the next lakes 
place gradually Instead of suddenly. This Is the second principle of 
herringbone gearing, and may be termed continuity of action. In 
straight gears the continuity of action Is a function of the number 
of teeth In the pinion. In herringbone geara continuity depends on the 
relationship between the face width and the number of teeth In the 
pinion. Pinions with as tew aa five teeth have been used with success 
by merely increasing the face width to suit surh extreme conditions. 
This feature, which Is peculiar to herringbone gears, has made practi- 
cal the adoption of extremely high ratios of reduction hitherto consid- 
ered impoBsibte. 

Th« third principle of herringbone gearing is that the bending stress 
on the teeth does not fluctuate from maximum to minimum as in 
straight gears, but remains always near the mean value. This feature 
is of special Importance in rolling-mill driving and work of a siralUr 
nature. 

To summarize the foregoing statements; The action of herringbone 
gears is continuous and smooth; there is no shock of transference from 
tooth to tooth; tne teeth do not wear out of shape; the beodlng action 
of the load on the teeth is less than with straight gearing and does 
not fluctuate to anything like the same extent; the gears work silently 
and without vibration; back-lash is absent; trletion and mechanical 
losses are reduced to a minimum; herringbone gears can be used tor 
higher ratios and greater velocities than any other kind. 

It has been explained that the teeth of the Wuest gears are ao de- 
signed that those on the right- and left-hand sides of the gears are 
stepped half a space apart, and do not meet at a common apex at the 
center of the face, as in the usual type of herringbone gear, Ii has 
often been argued that the ordinary herringbone tooth is stronger thut 
L the Wueat tooth, because the latter lacks the support give 
~ tnctlon of the teeth at the center. This argument would be 
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Bear toetb vere ever stresaed to anywbere near tbeir breaking point. 
But It hu been found in practice that conalderatloaa of wear so tar out- 
weigh those of mere breaking strength that a gear which Is designed 
to give reasonable service will carry anywhere from ten to twenty 
times tbe working load without fracture. A point of vastly greater 
importance Is thst tbe stepped form will wear more evenly under 
extreme loads than tbe ordinary type. Tbe reason for this Is shown 
in Flga 20 and 31. Tbe resultant tooth pressure Is always normal 
to the teeth and tends to bend them apart. The stepped form offers 
a uniform resistance along Its whole length, carrying the load from 
end to end (Fig. 20). Tbe teeth of ordinary berrlngboue gears tend 




to separate more at the sides than near the supported center, causing 
the losd to be concentrated toward tie center (Fig. 21). 

Tbe standards which have been adcHited for Wuest gears are the 
result of experience gained In Europe during the last six years. The 
spiral angle of the teeth ts about 23 degrees with the axis. Since the 
nature of the action eliminates shock, It follows that the pitch required 
for given conditions will be much finer than would be chosen for spur 
gears. On the other hand, the face width will not be less, because 
there Is as much necessity for wearing surface with one kind of tooth 
as with the other. Spur gears sre usually made with a face width 
equal to three or four times the pitch. Herringbone gears may con- 
veniently have a face width equal to six times the pitch, not because 
the width of this type need actuslly be greater, but by reason of the 
pltcb being proportionately less. 

Starting with a width equal Co six times tbe pltcb, smd allowing one 
times tbe pitch as the non-bearing portion In the centev, tbn« ^«:mnA.'&« 
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0.95 X 10 + 1 
Pitch diameter of pinion^ =:2.l Inches. 

5 
EDlargement over standard plnlon^O.l Inch, 

90 
Pitch diameter of standard gear^ — ^18.0 Inches. 

5 
Reduced pitch diameter al gear^lS.O — 0.1 = 17.9 Inches. 



Power Traosrollted by Herringbone Oeare 

The Important factor In determining the proportions of the teeth 
!b th6 relatlonBhip between pitch Hue velocity and Ihe permissible 
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Tit as, eiia«liiB eirH* with BeUtlna to Piteti UtH> VsIoFliy 

Specific tooth pressure; in other words, the total tooth pressure di- 
vided by Ihe area of all the available siniultaneouB contact along the 
teeth. Theoretically, this contact baa no area since it should consist 
of lines without breadth. Actually, an area eilsta, due to the elastic 
compression of the teeth in contact. In a similar way in which an. 
area of contact exists between a car wheel and a rail. The area of 
contact is Indeterminate, hut the Hpeclfic tooth pressure Is proportional 
to the driving stress on the teeth. 

In order to obtain a simple rule for finding the proper dimensions, 
Ihe results of experience In the matter of sate working loads under 
given conditions have heen reduced to a relationship between pitch 
line velocity and the shearing atresa on the pitch line thickness of an 
Imaginary straight tooth, assuming only one tooth in engagement at a 
time, Tbe shearing atress Is a meaaure of the specific tooth pressure, 
and the relationship referred to afforiJs a convenient means ot arriv- 
ing at reliable dimensions. The curves, Fig. 23, give valuea of abear- 
iDg Stress K in pounds per square Inch oo the pitch line section ot 
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an imaginary single tooth for corresponding pitch line velocities V 
in feet per minute. The values are entirely empirical, hut they are 
hased on the results of extended experience, and lead to dimensions 
which are safe and reliable. Difterent curves are given for different 
materials, and it is necessary to use that curve which corresponds 
to the lowest grade material of the combination. The dimensions of 
gears can be derived from the curves in the following manner: 

H.P.=^ brake horsepower transmitted, 
N =: revolutions per minute, 
Z> = pitch circle diameter, inches, 

p=:: circular pitch in inches (use nearest diametral pitch), 
W=: total width of face, inches, 
y=: pitch line velocity, feet per minute, 
P=^ total tooth pressure at pitch line, pounds, 

J5C=: stress factor (from curve). 

• 

Then 

IT D N H.P. X 33,000 pWK 

y=r P = P = 

12 y 2 

j iin normal gears of moderate ratio, and face ) 
P = 8 p ;r -j ^j^^jj equivalent to six times the circ. pitch f 



=>! 



For high ratio gears take W = Rp (iJ = ratio) up to maximum of 
W =i lOp. 

:5P 
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In normal gears it is safe to aim at pitch line velocities between 
1000 and 2000 feet per minute, with 1500 feet as a fair average. If 
the pinion is to be fixed to a motor shaft without external support, the 
diameter must be greater than when it can be supported on both sides. 
Cast iron is preferable to cast steel for gears of large diameters 
and moderate power, but the latter will be found more economical 
for high tooth pressures. Pinions are usually made from steel forg- 
ings of 0.40 to 0.50 per cent carbon. Soft pinions should never be 
used for herringbone gears. 

There are two special cases where the ordinary methods of calcula- 
tion should not be used. Rolling-mill gears are subjected to stresses 
which are so far in excess of the average working load that it is 
necessary to consider carefully the strength of the teeth in regard to 
possible overloads. Extra high velocity gears, such as are used for 
steam turbines, require additional wearing surface and are character- 
ized by extreme width of face combined with abnormally fine pitch. 




CALCULATING GEARS FOR GENERATING SPIRALS 
ON HOBBING MACHINES* 

From lime to time formulas have been developed tor calculating the 
gears to be used for generating aplral gears. Those published in the 
past, however, have applied only to certain types ot gear-hobhlng 
machines. In the Tollowlng a. Tormula is given which is applicable to 
any type of gear-hohbing machine, and which ia simpler to use than 
any formula bo far published. In developing this formula, almple 
arithmetical expressions have been made use of, a^ far as possible, 
in order to make it especially useful to the practical man. 

In order to clearly understand the use oC any formula. It Is necessary 
to know something of the principles Involved. Pig. 24 shows a top 
view oF a standard bobbing machine (the No, 3 Farweil) designed 
for cutting spur gears. Before dealing with the change gear ratios 
for spiral work, It will be well to have the methods tor cutting spur 
gears firmly fixed In our minds. Assume the hob to be single threaded. 
It is evident that (or each revolution of the hob, the gear being cut 
must move one tooth. Therefore, the hob revolves, tor each revolution 
of the blank, as many times as there are teeth to be cut. To cut 4* 
teeth, we must gear the table to revolve once for every 44 revolutions 
of Ihs hob. 

The bevel geadng at D. Fig, 25, has a ratio of 3 to 1. the worm 
at E is double-threaded, and the worm-wheel F has 40 teeth. Hence 
the shaft B must revolve 3 X 44 times for each revolution of the 
table, and the worm shaft C must revolve 20 times for each revolution 
of the table. Hence we have: 

RevolutioneotH 3 X 44 



Revolutions of C 20 

Inverting this ratio to get the change gear ratio required to obtain 
this reault, we have: 

20 Product of No, of teeth in driving gesrs 



3 X 44 Product of No. of teeth in driven gears 

In the following formulas, we will designate the product of the 
number of teeth In the driving gears P, and the product ol the number 
of teeth In the driven gears p. 

Should we use a double- threaded or triple-threaded hob. the gear 
we are cutting must revolve two or three teeth tor each revolution of 
the hob; in other words, the speed of the table is increased directly 
aa the number of threads on the hob, so v-e must multiply the number 
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of teeth In the driving gears by the number of threads on the hob. 
giving U8 this formula: 

20 X Xo. of threads on hob P 

3 X No. of teeth to be cut p 

A similar formula ma; be worked out In this war lor an; type of 




Gene rating Spirals 

For each revolution of the table, the head carrying the hob feeds 
down a certain distance across the face of the blank, this distance 
varying from 0.010 to 0.150 Inch in common practice. To fully under- 
Btand the following dLscussion, the action at the machine, &a Illustrated 
In Flga. 25 to 28, Inclusive, ebouJd be noted. In Fig. 25 Is shown the 
geoeratlon of a right-hand spiral gear with a right-hand hob; In Fig. 




26, a left-hand spiral gear with a right-hand hob; lo Fig. 27, a left- 
hand spiral gear with a left-hand hob: and In Pig. 2S. a right-band 
spiral gear with a left-hand hob. In each of these illustrations the 
direction of rotation of the table is indicated by the arrow showing 
the direction of rotation of the gear being cut. The direction o> 
rotation ot the hob la also Indicated by an arrow showing the directloa 
at rotation of Its shaft. In Figs. 25 and 27, wbeT« & ««lM S& <im.^ '«'Vi: 
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a bob dI tbe same "hand," the angle a, as Indicated, equals the A\%- 
lerence between the tooth angle and the thread angle of the hoh. 
In Figs. 26 and 2S, where the (rear and the hob are ot dlflerent "hand," 
the angle a equals the sum ot the tooth amgle and tbe thread angle 
of the hob. After this preliminary Introduction, we are ready to 
deal intelligently with the problem In hand. 




Fig, 07. OutHns B 

AsBume the spiral gear shown In Pig. 29 to have sixty-four teeth. 
As Indicated, the gear has a left-hand spiral and we will assume that 
It Is cut with a left-hand hob. A eingle-threaded hob cutting a spiral 
gear would revolve slity-tour times tor one revolution of the table; 
but since in this caee tbe teeth are helical and tbe bob travels down- 
ward a certain distance, the position of tbe gear tooth must be ad- 
vanced somewhat for every revolution with relation to the bob. In 




riE. se, OueUes « Rlsbt-buid Splr%l OaH wlUi ■ Iicctliuid Bob 

Other words. If the hob revolvea stxty-four times, sixty-four teeth 
will have passed by, but the blank ia not In tbe same position aa at 
the beginning. 

In Fig. 29, a represents tbe position ot the hob axis at the beginning 
of the cut and H tbe poBliloD of the hob axis after the hob has made 
sixty-four revolutions. Thla shows that the blank must malce more 
tban one revolution in this case. It we were cutting a left-hand 
spiral gear with a right-band bob, as shown in Fig. ZG, the blank 
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VDald h&ve to make less than one complete revolution lor each Bixtj>- 
four revolutions of the hob. the blank !n this caea being revolved 
In the opposite direction. It will thus be seea that when cutting a gear 
of the same "hand" aa the hob, the table must revolve alightl; faster 
than It would have to do when cutting a spur gear with the sajne 
number of teeth; but when the hob and the gear are of opposite 
"band," the table muat revolve more bIowIj than when cutting a apur 
gear. This has an important bearing upon the formula we are about 
to conatruct. 

To gear the machine properly we must first find the ratio according 
to which the table Is required to lag behind or lead ahead of Its 
natural apeed relative to the hob. In the flrat formula devlaed by the 
writer lor the bobbing of spiral gears, the ratio was arrived at by 
conaiderlng the number of revolutioas made by the hob, while the table 




makes one full revolution. The formula thus constructed for the No. t 
Farwell gear-hobblng machine Is: 

30 X No. ot threads on hob F 

No. ot teeth ± [(feed X tan. of angle) -^ circ. pitch] p 
This applies only to one particalar machine. A later formula 
designed for the No. 3 Parwell machine, aa shown in Fig. 24, conalders 
the number ot table revolutlona required while the hob revolves s 
BuOclent number ot times to represent one revolution ol the table, 
II we were cutting a spur gear: 
20 
SO ± - 



Pitch oircumferenoe -t- (teed X tan of angle} P 
(8 X No. of Teeth) -•- No. of threads on bob p 

Being called upon to derive another formula to be used for the 
new No. 3 Farwell universal hobblng machine, it occurred to the 
writer that a formula adapted to all bobbing machlnea would avoid 
much contusion. In the following Is given the process by which such 
a formula waa derived; the result Is a simpler formula than any 
prevloualy used. 
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Use + sign when gear and hob are of opposite "hand/' and — sign 
when they are of the same "hand." 

In cutting teeth at large angles it is desirable to have the hob the 
same hand as the gear, so that the direction of the cut will come against 
the movement of the blank, but at ordinary angles one hob will cut 
both right- and left-hand gears. 

The actual feed of the cutter depends upon the angle of the teeth as 
well as on the vertical movement of the hob. This is obtained by 
dividing the vertical feed by the cosine of the tooth angle; thus: 

0.03125 

= 0.043 inch actual feed. 

0.70711 

The last computation need not be made except to see that we are 
not figuring on too heavy a cut, as it has nothing to do with the gear- 
ing of the bobbing machine. In setting up a bobbing machine for 
spiral gears, care should be taken to see that the vertical feed does 
not trip until the machine has been stopped or the hob has fed down 
clear of the finished gear. Should the feed stop while the hob is stlU 
in mesh with the gear and revolving at the ratio required to generate 
a spiral, the hob will cut into the teeth and spoil the gear. 

Should the thread angle of the hob be exactly equal to the tooth 
angle of the spiral gear, and both hob and gear be the same "hand," the 
axis of the hob spindle will be at right angles to the axis of the gear. 
This is in conformity with the rule that when hob and gear are of 
the same "hand," the hob spindle is set at the tooth angle minus 
the thread angle of the hob. In cutting a spiral gear to take the 
place of a worm-wheel, it is possible to use the same hob that was 
used in cutting the worm-wheel. This would be a case where it is 
not necessary to tilt the hob spindle. Sometimes multiple-threaded 
hobs are used in order to make the thread angle approximately equal 
to the tooth angle, when it is desired to cut spiral gears with machines 
on which the hob spindle swivels through only a small angle. 



THB BBTTINa- OF THE TABLE WHBN MLLIilNQ 
SPIRAL QEABS* 

It has been trequentlj stated that the most suitable aogle (and the 
)ne most likely to produce the beat results) at which to set the table 
of the milling machine when milling spiral gears, is that eorrea ponding 
either to the diameter of the gear measured at the bottom of the 
(pace, or to the diameter measured at the working depth. The reason 
Invariably adduced for thla Is that, ir the angle chosen Is the angle 
of the spiral measured on the pitch cylinder of the gear, an undue 
amount ot undercutting, and therefore weakening, ot the teettt will 
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ir, owing to an excessive amount of Interference with the aides 
of the teeth on the part of the cutter; and that, therefore, a somewhat 
unaller angle should be selected to reduce these effects. 

To determine whether there was, practically, anything In this idea 
)r not, some experiments were recently made Gn a spiral gear, the 
immediate object ot the experiments being to find out what the effect 
of altering the angle of setting of the milling machine table waa upon 
the shape of the tooth cut. 

The experiments were made upon a cast-iron gear, with a pitch 
diameter of 4.242 Inches, and designed for 24 teeth, the diametral 
pitch (corresponding to the normal circular pitch) being 8. The 

U 
correct cutter to use waa determined by the formula N,= , 
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this cutter belog No. 3 In each ot the caeee dealt wUh. The exiierl- 

L}iDeiitB coiulated at cutting six teeth In the gear blank, all tielag ot 

■'tbe same depth, the angle ot setting ot the table ot the mitllng ma- 

r '•cbine being different In each ot the six caeeB. The Hplral aagle 

m«aBiired on the pitch cylinder was 45 degrees, the lead of the aplr*! 

being 13. 3S Inches, for which the gears of the spiral divldlng-head were 

arranged. The alx spirals chosen were at angles of 45. 44, 43, 42. 41, and 

40 degrees, each tooth being formed by two cuts at one angle, the 

lead of the spiral remaining the same throughout the ficrlea of testa. 

It should be here noted that 43 degrees Is the angle which corresponds 

to the diameter measured at the bottom of the space. 

The proflles Of the teeth taken as sections normal to the spiral on 
the pitch surface are Indicated In Fig. 30, the profiles being drawn ac- 
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curately to scale — three times full size. The various widths of the 
teeth at dltTerent depths were obtained as accurately as possible by 
means ot a Brown & Sharpe gear-tooth vernier caliper. These widths 
are given In the accompanying table. Ot course. It witl be readUj' 
seen that although great care was exercised in securing measurements 
that would he aa accurate as possible, the dimensions given above may 
be incorrect by about one or two thousandths Inch, but not more. 

In regard to the shapes of the teeth, it will he noticed that the 4S- 
degree tooth Is slightly undercut at the root, while the other teeth do 
not show any undercutting whatever. The undercutting referred to In 
the 45-degree tooth amounts to a reduction In width below tlie widest 
part ot the tooth of about 0.010 Inch, 

The deductions drawn from the results of tliese tests are: 

1. That the practice of setting the table at an angle leas ttan the 
spiral or helix angle measured on the pitch surface la Justified; 
though this angle should not be ieaa than the spiral or heitx sngle 
measured at the bottom of the tooth. i, 

2. That a cutter tor a larger number of teeth than that given by tha 

N 
formula N„=: should he employed, in order to counteract Uie 

COS 'a 

flattening and widening effect of the cutter with an angle as indicated 
above. 
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